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Abstract
This review outlines our present experimental knowledge and theoretical understanding of deep-
inelastic scattering on nuclear targets. The emphasis is primarily on nuclear coherence phe-
nomena, such as shadowing, where the key physics issue is the exploration of hadronic and
quark-gluon fluctuations of a high-energy virtual photon and their passage through the nuclear
medium. New developments in polarized deep-inelastic scattering on nuclei are also discussed,
and more conventional binding and Fermi motion effects are summarized. The report closes with
a brief outlook on vector meson electroproduction, nuclear shadowing at very large Q2 and the
physics of high parton densities in QCD.
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1 Introduction
This review is written with the intention to summarize and discuss nuclear phenomena
observed in the deep-inelastic scattering (DIS) of leptons (mostly muons and electrons)
on nuclear targets. Experimental developments in the last decade have brought several
such effects into focus (the EMC effect; shadowing, etc.). This first came as a surprise.
At the high energy and momentum transfers characteristic of DIS one did not expect to
see sizable nuclear effects which usually occur on length scales of order 1 fm or larger,
governed by the inverse Fermi momentum of nucleons in nuclei.
Today such nuclear effects are well established by a large amount of high-quality experi-
mental data. Also, their theoretical understanding has progressed in recent years, so that
an updated review of these developments appears justified. Our presentation, however,
does not aim for completeness in all details. We wish to emphasize those effects in which
two or more nucleons act coherently to produce significant deviations from the incoherent
sum of individual nucleon structure functions. The most prominent effect of this kind is
shadowing. Its close relationship with diffraction in high-energy hadronic processes is now
quite well understood, which points to the significance of optical analogues when dealing
with the interaction of high-energy, virtual photons in a nuclear medium.
Other, less pronounced nuclear effects such as binding and Fermi motion will also be
discussed. Some overlap with previous reviews [1,2,3,4,5] is not unwanted for reasons
of continuity. At the same time, this report incorporates plenty of more recent material,
including polarization observables in DIS on nuclei, a field in which experimental activities
progress rapidly and forcefully.
Before turning to our main subject it is necessary and useful to summarize, in the following
Section 2, our knowledge on free nucleon structure functions. Deep-inelastic scattering
probes the substructure of the nucleon with very high resolution down to length and time
scales of order 10−2 fm. The QCD analysis of the structure functions gives detailed insights
into the composition of nucleons in terms of quarks and gluons, and their momentum and
spin distributions.
A fundamental question from a nuclear physics perspective is then the following: how
do the quark and gluon distributions of the nucleon change in a nuclear many-body
environment? What are the mechanisms responsible for such changes? These issues will
be addressed starting from Section 3 in which the basic observations and phenomenology of
DIS from nuclear targets will be described. A particularly instructive way of illustrating
the physics content of nuclear structure functions is provided by a space-time (rather
than momentum space) analysis to which we refer in a separate Section 4. Shadowing is
discussed in detail in Section 5. Binding effects, Fermi motion and pionic contributions are
dealt with in Section 6. Section 7 turns to a discussion of more recent work on polarized
DIS from nuclei. A status summary and further perspectives follow in Section 8.
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We close this introduction with a remark on references to the literature. As usual, aiming
for completeness is an impossible task. What we hope to be a reasonable compromise is
a combination of references to previous reviews in which earlier references can be found,
together with selected original references to data and theory whenever they are of direct
relevance in the text.
2 Structure functions of free nucleons
2.1 Deep-inelastic scattering: kinematics and structure functions
Consider the scattering of an electron or muon with four-momentum kµ = (E,k) and
invariant massm from a nucleon carrying the four-momentum P µ = (Ep,P ) and massM .
Inclusive measurements observe only the scattered lepton with momentum k′µ = (E ′,k′)
as indicated in Fig.2.1.
γ* q
k
k
’
P
Fig. 2.1. Inclusive deep-inelastic lepton-nucleon scattering.
Neglecting weak interactions which are relevant at very high energies only, the differential
cross section is given by: 1
d2σ
dΩdE ′
=
α2
Q4
E ′
E
LµνW
µν , (2.1)
1 For introductions to deep-inelastic lepton scattering see e.g. Refs.[6,7,8].
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to leading order in the electromagnetic coupling constant α = e2/4π ≃ 1/137. Here
qµ = kµ − k′µ = (ν, q) (2.2)
is the four-momentum of the exchanged virtual photon, and Q2 = −q2. The lepton-photon
interaction is described by the lepton tensor Lµν . Let the spin projections of the initial
and final lepton be s and s′. After summing over s′ the lepton tensor can be split into
pieces which are symmetric and antisymmetric with respect to the Lorentz indices µ and
ν:
Lµν(k, s; k
′) = LSµν(k; k
′) + i LAµν(k, s; k
′), (2.3)
with:
LSµν(k; k
′) = 2
(
kµk
′
ν + kνk
′
µ
)
+ gµν q
2, (2.4)
LAµν(k, s; k
′) = 2mǫµναβ s
α qβ, (2.5)
where the lepton spin vector is defined by 2msα = u¯γαγ5u. For unpolarized lepton scat-
tering the average over the initial lepton polarization is carried out. In this case only the
symmetric term, LSµν , remains.
The complete information about the target response is in the hadronic tensor Wµν .
We denote the nucleon spin by S. Gauge invariance and symmetry properties allow a
parametrization of the hadronic tensor,
Wµν(q;P, S) = W
S
µν(q;P ) + iW
A
µν(q;P, S), (2.6)
in terms of four structure functions. The symmetric part is
W Sµν(q;P )=
(
qµqν
q2
− gµν
)
W1(P · q, q2)
+
(
Pµ − P · q
q2
qµ
)(
Pν − P · q
q2
qν
)
W2(P · q, q2)
M2
, (2.7)
and the antisymmetric part can be written
WAµν(q;P, S)= ǫµναβ q
α
[
SβMG1(P · q, q2) +
(
P · q Sβ − S · q P β
) G2(P · q, q2)
M
]
.
(2.8)
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Here the nucleon spin vector Sµ, with 2MSµ = U(P, S) γµγ5U(P, S), has been introduced.
In the conventions used in this paper nucleon Dirac spinors U are normalized according
to U¯(P )γµU(P ) = 2P µ. It is evident that W1,2 can be measured in unpolarized scattering
processes, whereas the complete investigation of G1,2 requires both beam and target to
be polarized.
It is convenient to introduce dimensionless structure functions
F1(x,Q
2)=MW1(P · q, q2), (2.9)
F2(x,Q
2)=
P · q
M
W2(P · q, q2), (2.10)
which depend on the Bjorken scaling variable,
x =
Q2
2P · q . (2.11)
In terms of F1,2 the charged lepton scattering cross section (2.1) for an unpolarized lepton
and nucleon is:
d2σ
dx dQ2
=
4πα2
Q4
[(
1− y − Mxy
2E
)
F2
x
+ y2F1
]
, (2.12)
with
y =
P · q
P · k . (2.13)
Let us recall the behavior of the structure functions in the Bjorken limit, i.e. at large
momentum and energy transfers,
Q2 = −q2 →∞, P · q →∞, (2.14)
but fixed ratio Q2/P · q. Here the unpolarized structure functions
F1(x,Q
2)
Q2→∞−−−→ F1(x), (2.15)
F2(x,Q
2)
Q2→∞−−−→ F2(x) (2.16)
are observed to depend in good approximation only on the dimensionless Bjorken scaling
variable x. Variations of the structure functions with Q2 at fixed x turn out to be small.
A similar scaling behavior is expected for the spin-dependent structure functions:
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g1(x,Q
2)=MP · q G1(P · q, q2), (2.17)
g2(x,Q
2)=
(P · q)2
M
G2(P · q, q2), (2.18)
which likewise reduce to functions of x only when the limit Q2 →∞ is taken.
2.2 Parton model
The approximate Q2-independence of nucleon structure functions at large Q2 has led to
the conclusion that the virtual photon sees point-like constituents in the nucleon. This
is the basis of the naive parton model which gives a simple interpretation of nucleon
structure functions. In this picture the nucleon is composed of free pointlike constituents,
the partons, identified with quarks and gluons. Introducing distributions qf(x) and q¯f(x)
of quarks and antiquarks with flavor f and fractional electric charge ef , one finds:
F1(x)=
1
2
∑
f
e2f (qf (x) + q¯f (x)) , (2.19)
F2(x)= 2xF1(x). (2.20)
The Bjorken variable x coincides with the fraction of the target light-cone momentum
carried by the interacting quark with momentum l:
x =
Q2
2P · q =
l · q
P · q . (2.21)
The Callan-Gross relation (2.20) connecting F1 and F2 reflects the spin-1/2 nature of the
quarks.
For the spin structure functions the naive parton model gives:
g1(x)=
1
2
∑
f
e2f [∆qf (x) + ∆q¯f (x)] , (2.22)
g2(x)= 0. (2.23)
The helicity distributions ∆qf (x) = q
↑
f(x) − q↓f(x) and ∆q¯f (x) = q¯↑f (x) − q¯↓f (x) involve
the differences of quark or antiquark distributions with helicities parallel and antiparallel
with respect to the helicity of the target nucleon.
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2.3 Virtual Compton scattering
The hadronic tensor (2.6) can be expressed as the Fourier transform of a correlation
function of electromagnetic currents, with its expectation value taken for the nucleon
ground state |P, S〉 normalized as 〈P ′, S ′|P, S〉 = 2Ep (2π)3 δ3(P − P ′) δSS′ [6,7,8]:
Wµν(q;P, S) =
1
4πM
∫
d4z eiq·z 〈P, S|Jµ(z)Jν(0)|P, S〉. (2.24)
It is related to the forward virtual Compton scattering amplitude:
Tµν(q;P, S) = i
∫
d4z eiq·z 〈P, S|T (Jµ(z)Jν(0)) |P, S〉, (2.25)
where T denotes the time-ordered product. By comparison of Eqs.(2.24) and (2.25) one
finds the optical theorem:
2πM Wµν = ImTµν . (2.26)
Consequently, nucleon structure functions can be represented in terms of virtual photon-
nucleon helicity amplitudes,
AhH,h′H′ = e2ǫµ∗h′ Tµν(H,H ′) ǫνh. (2.27)
Here ǫh and ǫh′ are the polarization vectors of the incoming and scattered photon with
helicities h and h′, respectively. They have values +1,−1, 0 (abbreviated as +,−, 0).
Helicities of the initial and final nucleon are denoted by H and H ′. Their values are ±1,
symbolically denoted by ↑, ↓. Choosing the z-axis in space to coincide with q/|q|, the
direction of the propagating virtual photon, and quantizing the angular momentum of
the target and photon along this axis yields the following relations:
F1=
1
4πe2
(ImA+↓,+↓ + ImA+↑,+↑) , (2.28)
F2=
x
2πe2κ
(ImA+↓,+↓ + ImA+↑,+↑ + 2 ImA0↑,0↑) , (2.29)
where κ = 1 + (2Mx/Q)2. For the spin-dependent structure functions one finds:
g1=
1
4πe2κ
(
ImA+↓,+↓ − ImA+↑,+↑ +
√
2(κ− 1) ImA+↓,0↑
)
, (2.30)
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g2=
1
4πe2κ
ImA+↑,+↑ − ImA+↓,+↓ + 2√
2(κ− 1)
ImA+↓,0↑
 . (2.31)
In the scaling limit the structure functions F1, F2 and g1 are determined by helicity
conserving amplitudes. It is therefore possible to express them through virtual photon-
nucleon cross sections defined as:
σhH =
1
2MK
ImAhH,hH, (2.32)
with the virtual photon flux K = (2P · q −Q2)/2M . For example, the structure function
F2 reads:
F2 =
1− x
1 + (2Mx/Q)2
Q2
4π2α
(σL + σT ) , (2.33)
where the longitudinal and transverse photon-nucleon cross sections σL,T (ν,Q
2) are given
by:
σL=
1
2
(σ0↑ + σ0↓) , (2.34)
σT =
1
4
(σ+↑ + σ+↓ + σ−↑ + σ−↓) . (2.35)
An interesting quantity is their ratio:
R =
σL
σT
=
F2(1 + (2Mx/Q)
2)
2xF1
− 1. (2.36)
In the simple parton model the Callan-Gross relation (2.20) implies R = 0 as Q2 → ∞.
Due to their interaction with gluons, quarks receive momentum components transverse to
the photon direction. Then they can absorb also longitudinally polarized photons. This
leads to R 6= 0.
2.4 QCD-improved parton model
Nucleon structure functions systematically exhibit a weak Q2-dependence, even at large
Q2. These scaling violations can be described within the framework of the QCD-improved
parton model which incorporates the interaction between quarks and gluons in the nucleon
in a perturbative way (see e.g. [6,7,8]). The scale at which this interaction is resolved is
determined by the momentum transfer. The Q2-dependence of parton distributions, e.g.
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F2(x,Q
2)=
∑
f
e2f x
[
qf (x,Q
2) + q¯f(x,Q
2)
]
, (2.37)
g1(x,Q
2)=
1
2
∑
f
e2f
[
∆qf (x,Q
2) + ∆q¯f (x,Q
2)
]
, (2.38)
is described by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equa-
tions. They are different for flavor non-singlet and singlet distribution functions. Typical
examples of non-singlet combinations are the difference of quark and antiquark distribu-
tion functions, or the difference of up and down quark distributions. The difference of
the proton and neutron structure function, F p2 −F n2 , also behaves as a flavor non-singlet,
whereas the deuteron structure function F d2 is an almost pure flavor singlet combination.
For the flavor non-singlet quark distribution, qNS, and the flavor-singlet quark and gluon
distributions, qS and g, the DGLAP evolution equations read as follows:
dqNS(x,Q2)
d lnQ2
=
αs(Q
2)
2π
1∫
x
dy
y
qNS(y,Q2)Pqq
(
x
y
)
, (2.39)
d
d lnQ2
 qS(x,Q2)
g(x,Q2)
= αs(Q2)
2π
1∫
x
dy
y
Pqq(xy ) Pqg(xy )
Pgq(
x
y
) Pgg(
x
y
)

 qS(y,Q2)
g(y,Q2)
 . (2.40)
Here αs(Q
2) is the running QCD coupling strength. The splitting function Pqq(x/y) de-
termines the probability for a quark to radiate a gluon such that the quark momentum is
reduced by a fraction x/y. Similar interpretations hold for the remaining splitting func-
tions. For further details we refer the reader to one of the many textbooks on applications
of QCD, e.g. [6,7,8].
2.5 Light-cone dominance of deep-inelastic scattering
The QCD analysis of deep-inelastic scattering has generated its own terminology and
specialized jargon. In this section we summarize some of the basic notions. The general
framework is Wilson’s operator product expansion applied to the current-current correla-
tion function. A detailed investigation reveals that the hadronic tensor
2πM Wµν = Im
[
i
∫
d4z eiq·z 〈P | T (Jµ(z)Jν(0)) |P 〉
]
, (2.41)
at Q2 →∞ but fixed Bjorken x, is dominated by contributions from near the light-cone,
z2 = t2 − z2 ≃ 0 [6,7,8]. The operator product expansion makes use of this fact by
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expanding the time-ordered product of currents around the singularity at z2 = 0:
T (J(z)J(0)) ∼
∞∑
n=0
cOn (z
2;µ2) zµ1 · · · zµn Oµ1···µn(µ2), (2.42)
where the Oµ1···µn are local operators involving quark and gluon fields. The coefficient
functions cn are singular at z
2 = 0. They are grouped according to the order of their
singularity. Both the operators O and the c-number coefficient functions cn depend on
the renormalization point µ2.
The operators O can be organized according to the irreducible representation of the
Lorentz group to which they belong. Each operator has a characteristic dimensionality,
d, in powers of mass or momentum. For example, the symmetric traceless Lorentz tensors
of rank n with minimum dimensionality are the operators
Oqµ1···µn =
{
ψγµ1iDµ2 · · · iDµnψ
}
S
, (2.43)
Ogµ1···µn =
{
Gµ1νiDµ2 · · · iDµn−1Gνµn
}
S
, (2.44)
local bilinears in the quark field ψ and the gluon field tensor Gµν , with any number of
gauge-covariant derivatives Dµ inserted between them. The brackets {}S indicate sym-
metrization with respect to Lorentz indices and subtraction of trace terms. The operators
Oq and Og have dimensionality d = 3 + (n − 1) = 4 + (n − 2) = 2 + n. The difference
τ = d−n is called “twist” (τ = 2 in our example), a useful bookkeeping device to classify
the light-cone (z2 → 0) singularity of the coefficient function cn. Comparing dimensions
in Eq.(2.42) one finds that, for each given operator on the right-hand side, the coefficient
behaves as cn ∼ (1/z2)(2dJ−τ)/2 when z2 → 0, where dJ = 3 is the dimensionality of each
of the currents on the left-hand side of Eq.(2.42).
Matrix elements of the operatorsO between nucleon states are of genuinely non-perturbative
origin. For spin-averaged quantities they must be of the form
〈P |Oqµ1···µn(µ2)|P 〉= aqn(µ2)Pµ1 · · ·Pµn , (2.45)
〈P |Ogµ1···µn(µ2)|P 〉= agn(µ2)Pµ1 · · ·Pµn , (2.46)
since Lorentz-covariant tensorial functions of the nucleon four-momentum P µ, with P 2 =
M2 fixed, are proportional to the symmetric tensors Pµ1 · · ·Pµn . Trace terms have been
subtracted in Eqs.(2.45,2.46). The constants aqn and a
g
n are fixed at a given renormalization
scale µ2 and represent the non-perturbative quark and gluon dynamics of the nucleon.
We can now make contact with observables. Since the Fourier transform of
〈P |T (Jµ(z)Jν(0)|P 〉 is proportional to the forward virtual Compton scattering amplitude
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and its imaginary part determines the structure functions F1 and F2, it is clear that the an
represent moments of those structure functions, with Q2-dependent coefficients. Consider
as an example the structure function F1(x,Q
2) in the flavor singlet channel. One finds,
1∫
0
dx xn−1F1(x,Q
2) = Cqn(Q
2;µ2) aqn(µ
2) + Cgn(Q
2;µ2) agn(µ
2), (2.47)
where crossing symmetry implies a restriction to even orders n = 2, 4, . . .. The momentum
space coefficient functions Cn(Q
2;µ2) are related to the c-number functions cn(z
2;µ2) of
Eq.(2.42) by Fourier transformation. The important point is that the Cn(Q
2;µ2) can be
calculated perturbatively at large Q2. Their Q2-dependence is determined by renormal-
ization group equations equivalent to the DGLAP equations in (2.40).
It is often useful to express the structure functions in a factorized form, by a convolution
of “hard” effective cross sections σˆq and σˆg for the scattering of the virtual photon from
quarks and gluons in the nucleon, with “soft” quark and gluon distributions of the target.
For example,
F1(x,Q
2)=
1∫
x
dy
y
{
σˆq(y,Q
2;µ2)
[
q(x/y, µ2) + q¯(x/y, µ2)
]
+ σˆg(y,Q
2;µ2) g(x/y, µ2)
}
. (2.48)
(Here we have generically used only one quark flavor with unit electric charge.) The
perturbatively calculable functions Cn then find a simple physical interpretation in terms
of moments of the “hard” cross sections:
Cq,gn (Q
2;µ2) =
1∫
0
dx xn−1σˆq,g(x,Q
2;µ2), (2.49)
while the quark and gluon distributions are related to the “soft” reduced matrix elements
(2.45,2.46) by
aqn(µ
2)=
1∫
0
dx xn−1
[
q(x, µ2) + (−1)nq¯(x, µ2)
]
, (2.50)
agn(µ
2)=
1∫
0
dx xn−1g(x, µ2), (2.51)
where Eq.(2.51) holds only for even n. To lowest (zeroth) order in the running coupling
strength αs(µ
2), the “hard” cross sections are simply σˆq ∼ δ(1 − x) and σˆg = 0, so that
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only quarks contribute to F1. Gluons first enter at order αs. We mention that, in general,
the representation of a given structure function in terms of separate quark and gluon
contributions is a matter of definition. It is unique only in leading order and depends
on the renormalization scheme at higher orders in αs [6,7,8]. The measured structure
functions are, of course, free of such ambiguities.
2.6 Facts about free nucleon structure functions
In this section we briefly review the present experimental status on free nucleon structure
functions as measured in deep-inelastic lepton scattering. We focus on those aspects which
are of direct relevance for our further discussion of nuclear deep-inelastic scattering.
2.6.1 Spin independent structure functions
Unpolarized deep-inelastic scattering has been explored in recent years over a wide kine-
matic range in fixed target experiments at CERN, FNAL and SLAC, and at the HERA
collider at DESY. Reviews can be found e.g. in Refs.[9,10,11].
The proton structure function F p2
Accurate F p2 data are available from fixed target measurements at SLAC, at CERN
(BCDMS, NMC) and at Fermilab (E665). They cover the kinematic range 10−3 < x < 0.8
and 0.2GeV2 < Q2 < 260 GeV2 [9]. Due to experimental constraints fixed target studies
at small x are possible only at low Q2. For example, in the E665 measurements at Fer-
milab the smallest values of the Bjorken variable, x ≃ 0.8 · 10−3, are measured typically
at Q2 ≃ 0.2 GeV2 [12]. This is different at the HERA collider where the kinematic range
3 · 10−6 < x < 0.5 and 0.16GeV2 < Q2 < 5000 GeV2 is explored. In these experiments
the region of small x is accessible also at large Q2.
The data summarized in Figures 2.2 and 2.3 display several important features (for ref-
erences see e.g. [9,10,11]):
• At small Bjorken-x (x ≪ 0.1) but large Q2 a strong increase of F p2 with decreasing
x has been found at HERA. This behavior is commonly interpreted in terms of the
dominant role of gluons at small x, the density of which rises strongly with decreasing
x. This increase becomes weaker at low Q2. Here only a minor x-dependence has been
observed in fixed target experiments, which is nevertheless enhanced at very small
x≪ 0.1 as recently explored at HERA [14,17]. Note that a rise of F p2 with decreasing
x reflects a growing virtual photon-proton cross section as the photon-nucleon center-
15
l  
n  s  t  
H1 ZEUS E665
NMC SLAC BCDMS
Fp2
x
Fig. 2.2. The proton structure function F p2 as a function of x for various Q
2. The data are taken
from H1 [13,14], ZEUS [15,16,17], E665 [12], NMC [18], SLAC [19], and BCDMS [20].
of-mass energy W =
√
s increases. For example, at Q2 ≃ 100 GeV2 one observes a
characteristic behavior [13]:
σγ∗p ∼
(
W 2
)∆
, with∆ ≈ 0.3. (2.52)
For the real photon-nucleon cross section at high energies, on the other hand, one has
∆ ≈ 0.08 [21]. The dynamical origin of the observed variation of the energy depen-
dence of σγ∗N with Q
2 is an important issue of ongoing investigations (see for example
Refs.[9,10]).
Hadron-hadron interaction cross sections have an energy dependence similar to that ob-
served in photon-nucleon scattering. It is often parametrized using Regge phenomenol-
ogy [21,22]. In Regge theory the dependence of cross sections on the center-of-mass
energy is determined by the t-channel exchange of families of particles permitted by
the conservation of all relevant quantum numbers. Each group of particles is charac-
terized by a Regge trajectory, α(t) ≈ α(0) + t α′, which relates their spin with their
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invariant mass. The resulting dependence of hadron-hadron total cross sections on the
squared center-of-mass energy s is:
σtot ∼ sα(0)−1. (2.53)
The rising hadron-hadron cross sections at high energies are well described by the so-
called pomeron exchange. It corresponds to multi-gluon exchange with vacuum quantum
numbers and it is characterized by the trajectory [21,23]
α
IP
(t) ≈ α
IP
(0) + t α′
IP
≈ 1.08 + t 0.26GeV−2 . (2.54)
Note that the fast growth of the interaction cross section (2.53) with energy as implied
by Eq.(2.54) cannot persist up to arbitrarily high energies because of limitations im-
posed by unitarity. At asymptotic energies the Froissart bound does not permit total
hadronic cross sections to rise faster than (ln s/s0)
2 with some constant scale s0 [22].
The slow decrease of hadron cross sections at moderate energies is described by an
exchange made up from a set of reggeons which lie on the approximately degenerate
trajectory [21,24]
α
IR
(t) ≈ α
IR
(0) + t α′
IR
≈ 0.5 + t 0.9GeV−2 , (2.55)
and which carry the quantum numbers of the ρ, ω, a2 and f2 mesons, respectively.
l    x  ≈  0.001
n    x  ≈  0.007
s    x  ≈  0.07
l n sZEUS E665, NMC
Fp2
Q2 [GeV2]
Fig. 2.3. The Q2-dependence of the proton structure function F p2 for x < 0.1. The data are taken
from ZEUS [16,17], E665 [12], and NMC [18].
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At large energies these so-called subleading contributions are exceeded by pomeron
exchange (2.54).
• At small values of Q2 (i.e. Q2 < 1 GeV2) the structure function F p2 drops. This is quite
natural in view of the fact that F p2 has to vanish linearly with Q
2 in the limit Q2 → 0
as a consequence of current conservation (see e.g. [11]). Bjorken scaling must break
down in this kinematic regime. In particular, at small x < 0.1 or large photon energy,
ν > 5 GeV, vector meson dominance is expected to play an important role. It describes
(virtual) photon-nucleon scattering via the interaction of vector meson fluctuations of
the photon. The contribution to F p2 from the three lightest vector mesons reads (see
e.g. [25]):
F
p(VMD)
2 (x,Q
2) =
Q2
4π
∑
V=ρ,ω,φ
(
m2V
gV
)2 (
1
m2V +Q
2
)2
σVp. (2.56)
The sum is taken over ρ, ω, and φ mesons with their invariant masses mV. The vector
meson-proton cross sections are denoted by σVp. The vector meson-photon coupling con-
stants gV can be deduced from electron-positron annihilation into those vector mesons.
One observes that F
p(VMD)
2 ∼ Q2 at small Q2. At large Q2, however, the vector meson
contribution (2.56) vanishes as 1/Q2. Then the scattering from parton constituents in
the target takes over and leads to Bjorken scaling.
• Finally, at large values of x one observes a rapid decrease of the structure function. This
can be understood within the framework of perturbative QCD. In the limit x → 1, a
single valence quark struck by the virtual photon carries all of the nucleon momentum.
The only way for such a configuration to evolve from a bound state wave function
which is centered around low parton momenta, is through the exchange of hard gluons.
A perturbative description of this process leads to F p2 (x→ 1) ∼ (1− x)3 [26].
2.6.2 The ratio of longitudinal and transverse cross sections
Extracting the structure function F2 from lepton scattering data requires information on
the ratio of the total cross section for longitudinally and transversely polarized photons,
R = σL
σT
from Eq.(2.36). Previous data from SLAC and CERN cover the region 0.1 < x <
0.9 and 0.6GeV2 < Q2 < 80GeV2 [27]. In this region R is small. New data from the NMC
collaboration are available for 0.002 < x < 0.12 [18]. A rise of R with decreasing x has
been observed as shown in Fig.2.4. This behavior can be understood within the framework
of perturbative QCD [31]. Helicity conservation implies that a high-Q2 longitudinally
polarized photon cannot be absorbed by a quark moving in longitudinal direction: a non-
zero transverse momentum is necessary for this process to occur. In the QCD-improved
parton model such transverse quark momenta result from gluon bremsstrahlung which is
important for low parton momenta, i.e. at small x. Further studies of R in the domain of
small x are currently performed at HERA. A first analysis gives R ≃ 0.5 at x = 2.4 · 10−4
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Fig. 2.4. The ratio R = σL/σT as a function of x. The data are taken from NMC [18], BCDMS
[20,28,29], and CDHSW [30].
and Q2 = 15 GeV2 [32].
2.6.3 Spin dependent structure functions
In recent years polarized deep-inelastic scattering experiments have become a major ac-
tivity at all high-energy lepton beam facilities. They aim primarily at the exploration of
the spin structure of nucleons. Detailed investigations have been carried out at CERN
(SMC), SLAC (E142/143/154/155) and DESY (HERMES). For references see [33 – 41].
While the proton spin structure functions gp1 and g
p
2 have been measured directly using
hydrogen targets, neutron structure functions have been extracted from measurements
using deuterons and 3He targets with corrections for nuclear effects. In the data analy-
sis such corrections have commonly been done in terms of effective proton and neutron
polarizations obtained from realistic deuteron and 3He wave functions. They account for
the fact that bound nucleons carry orbital angular momenta. As a consequence their po-
larization vectors need not be aligned with the total polarization of the target. At the
present level of accuracy the use of effective polarizations turns out to be a reasonable
approximation as discussed at length in Section 7.
In Fig.2.5 we show a collection of data for g1. The behavior of the proton, deuteron and
neutron structure functions turns out to be quite different, especially in the region of
small x. This is in contrast to the unpolarized case where proton and neutron structure
functions show a qualitatively similar behavior.
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Fig. 2.5. A compilation of data of the proton, deuteron, and neutron spin structure functions g1
from Refs.[33,36,37,38,40,42,43]. (We thank U. Stoesslein for the preparation of this figure.)
The moments
Γp,n1 (Q
2) ≡
1∫
0
dx gp,n1 (x,Q
2) (2.57)
of the proton and neutron spin structure functions are of fundamental importance. They
can be decomposed in terms of proton matrix elements of SU(3) axial currents, as follows
(for a review see e.g. [44,45]):
Γp,n1 =
1
12
(
4
3
∆q0 +
1√
3
∆q8 ±∆q3
)
, (2.58)
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with the axial vector matrix elements:
MSµ∆qa = 〈P, S|ψ¯γµγ5λa
2
ψ|P, S〉, (2.59)
where ψ = (ψu, ψd, ψs) is the quark field. Here λa (a = 1, . . . , 8) denote SU(3) flavor
matrices and the singlet λ0 is the 3× 3 unit matrix. In Eq.(2.58) and below we suppress
QCD corrections which are currently known up to order α3s. Current algebra and isospin
symmetry equate the non-singlet matrix element ∆q3 = ∆u − ∆d with the axial vec-
tor coupling constant gA = 1.26 measured in neutron β-decay. One thus arrives at the
fundamental Bjorken sum rule:
Γp1 − Γn1 =
1
6
∆q3 =
1
6
gA. (2.60)
Furthermore, assuming SU(3) flavor symmetry, ∆q8 = (∆u+∆d−2∆s)/
√
3 is determined
by hyperon β-decays. The non-singlet matrix elements ∆q3,8 involve conserved currents,
hence they are scale independent. This is different for the singlet term ∆q0 = ∆u+∆d+∆s
which receives a Q2-dependence through the QCD axial anomaly. Note that in next-to-
leading order both quarks and gluons contribute to ∆q0. However, the detailed separation
into quark and gluon parts depends on the factorization scheme used to separate pertur-
bative and non-perturbative parts of the spin-dependent cross section.
An evaluation of the structure function moments Γp,n1 (Q
2) from Eq.(2.57) requires knowl-
edge of g1 in the entire interval 0 ≤ x ≤ 1. Since measurements cover only a limited
kinematic range, data for g1 have to be extrapolated to x → 0 and x → 1. The large-x
extrapolation is not critical since g1 becomes small and ultimately vanishes as x→ 1. The
situation at small x is, however, not yet well understood (for a review and references see
Ref.[10]). The common approach is to assume Regge behavior which implies that g1 ∼ xα
with 0 ≤ α ≤ 0.5 for x→ 0.
A status review of the analysis of spin structure functions and their moments can be
found in Refs.[34,40]. All current studies arrive at the conclusion that the flavor singlet
contribution to the nucleon spin is small. At Q2 = 1 GeV2 one finds (in the AB scheme)
[34]:
∆q0 = 0.23± 0.07(stat)± 0.19(sys). (2.61)
This would imply that only about one third of the nucleon spin is carried by the quark
spins alone. The missing two thirds probably involve gluon spin contributions and orbital
angular momentum of quark, antiquark and gluon constituents. Finally we note that the
Bjorken sum rule (2.60), with inclusion of QCD corrections, is fulfilled at the 5% level
[34].
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Fig. 2.6. Diffractive scattering from a nucleon.
Measurements of g2 have been performed at CERN [46] and SLAC [35,47]. For the neu-
tron case 3He [35] and deuteron [47] targets have been used again. Within large ex-
perimental errors the data for g2 are consistent with the twist-2 prediction g2(x,Q
2) =∫ 1
x
dy
y
(1− δ(1− x/y)) g1(y,Q2) of Ref.[48].
2.6.4 Diffraction
A subclass of photon-nucleon processes, namely diffractive lepto- and photoproduction,
plays a prominent role also in the interaction of real and virtual photons with com-
plex nuclei at high energies. We focus here on so-called single diffractive processes. They
are characterized by the proton emerging intact and well separated in rapidity from the
hadronic state X produced in the dissociation of the (virtual) photon (see Fig.2.6):
γ(∗) + p→ X+ p′. (2.62)
As in diffractive hadron-hadron collisions such processes are important at small momen-
tum transfer. Their cross sections drop exponentially with the squared four-momentum
transfered by the colliding particles. Furthermore, they generally exhibit a weak energy
dependence.
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Diffractive leptoproduction
In deep-inelastic scattering experiments at HERA approximately 10% of the (virtual)
photon-proton cross section result from diffractive events (for a review see e.g. [49]).
Their cross section is parametrized in terms of two structure functions, analogous to the
inclusive case. One has:
dσ
dxdQ2dx
IP
dt
=
4πα2
Q4
{
1− y
x
+
y2
2x [1 +RD(4)(x,Q2; x
IP
, t)]
}
F
D(4)
2 (x,Q
2; x
IP
, t).(2.63)
The diffractive structure functions depend on x and Q2, on the squared momentum trans-
fer t to the proton, t = (P − P ′)2 = (q − pX)2, and on the variable
x
IP
=
(P − P ′) · q
P · q =
Q2 +M2X − t
Q2 +W 2 −M2 ≈
Q2 +M2X
Q2 +W 2
. (2.64)
HereMX is the invariant mass of the diffractively produced system X in the final state. The
diffractive structure function, conventionally denoted by F
D(4)
2 indicating its dependence
on four kinematic variables, is directly related to the diffractive (virtual) photoproduction
cross section. At small x one finds in analogy with Eq.(2.33):
F
D(4)
2 (x,Q
2; x
IP
, t) ≈ Q
2
4π2α
dσdiffγ∗p
dx
IP
dt
. (2.65)
Most of the data have so far been obtained for the t-integrated structure function
F
D(3)
2 (x,Q
2; x
IP
) =
0∫
−∞
dt F
D(4)
2 (x,Q
2; x
IP
, t). (2.66)
Measurements by the H1 [50,51] and ZEUS [52,53,54,55] groups cover the range 4.5 <
Q2 < 140 GeV2, 2 · 10−4 < x
IP
< 0.04 and 0.02 < x/x
IP
< 0.9. No substantial Q2-
dependence of F
D(3)
2 has been found. Over most of the explored kinematic region, xIPF
D(3)
2
is either decreasing or approximately constant as a function of increasing x
IP
. However
at small x/x
IP
there is a tendency for x
IP
F
D(3)
2 to increase at the highest values of xIP . A
typical collection of data is shown in Fig.2.7.
A reasonably successful description of this behavior has been achieved within Regge phe-
nomenology which assumes that the interaction proceeds in two steps: the emission of a
pomeron or subleading reggeon from the proton, and the subsequent hard scattering of
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the virtual photon from the partons in the pomeron or reggeon, respectively. This picture
leads to a factorization of the diffractive structure function [56]:
F
D(4)
2 (x,Q
2; x
IP
, t) = f
IP
(x
IP
, t)F
IP
2 (x/xIP , Q
2) + f
IR
(x
IP
, t)F
IR
2 (x/xIP , Q
2), (2.67)
where F
IP(IR)
2 is commonly interpreted as the “structure function” of the pomeron (reggeon)
and
fi(xIP , t) =
eBi t
x2αi(t)−1
IP
, (2.68)
with i = IP, IR, denotes the pomeron (reggeon) distribution in the proton.
The H1 analysis [50] gives α
IP
(0) ≈ 1.2 and α
IR
(0) ≈ 0.5. The slope parameters B
IP(IR)
, α′
IR
and α′
IP
were taken to reproduce hadron-hadron data. While α
IP
(0) is found to be slightly
larger than the value obtained from parametrizations of hadronic cross sections, α
IR
(0)
agrees well with the Regge phenomenology of hadron–hadron collisions [21] .
In Fig.(2.8) we show recent ZEUS data [52] on the ratio of diffractive and total photon-
nucleon cross sections for different regions of MX. The data show a similar energy de-
pendence of both total and diffractive cross sections. Furthermore, the observed Q2-
dependence of the cross section ratio for different regions of MX suggests that, as Q
2
increases, diffractive states with large mass become important.
ZEUS measurements [53] have investigated the t-dependence of the diffractive leptopro-
duction cross section. In the range 5 < Q2 < 20 GeV2 and 50 < W < 270 GeV the
t-dependence of the diffractive virtual photoproduction cross section is described for
0.07 < |t| < 0.4 GeV2 by the exponential form, dσdiffγ∗p /dt ∼ eB t, with B ≈ 7 GeV2.
This value is compatible with results from high-energy hadron-hadron scattering (see e.g.
[57]).
Fig. 2.7. The diffractive structure function x
IP
F
D(3)
2 for different values of β = xIP/x andQ
2 ≈ 28
GeV2. Data from H1 [50] (open squares) and ZEUS [52] (solid points).
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Fig. 2.8. ZEUS data [52] for the ratio of diffractive and total photon-nucleon cross sections. The
diffractive production cross section has been integrated over different intervals of MX.
Diffractive photoproduction
Diffractive dissociation of real photons, γ + N → X + N, has been explored with fixed
target and collider experiments. At FNAL [58] photon-proton center of mass energies up to
W ≃ 15 GeV were used to produce diffractive states with an invariant mass up toMX ≃ 5
GeV. Recent experiments at HERA [59,60,61,62,63] were carried out at W ≃ 200 GeV
and MX < 30 GeV. The diffractive cross section amounts to approximately 20% of the
total photon-proton cross section. Around half of these events come from the production
of the light vector mesons ρ, ω and φ. This is contrary to diffractive leptoproduction at
large Q2 where vector meson contributions are suppressed roughly as 1/Q4 [64].
At sufficiently large mass MX of the diffractively produced system X, the measured cross
sections drop approximately as 1/M2X, as shown in Fig.2.9. This is in accordance with
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Fig. 2.9. Differential cross section for diffractive photoproduction off nucleons from FNAL [58]
and H1 [61] for different center of mass energies W . The curves corresponds to a Regge fit [61].
Regge phenomenology. In the limit W 2/M2X →∞ with M2X →∞ only pomeron exchange
is important and leads to [65]:
dσdiffγN
dM2Xdt
∼ W
4(α
IP
(0)−1)
M
2α
IP
(0)
X
exp
[
t ·
(
B + 2α′
IP
ln
(
W 2
M2X
))]
, (2.69)
with a slope parameter B. Equation (2.69) implies that at energies W = (15− 30) GeV
typical for fixed target experiments at CERN and FNAL, the relative amount of diffraction
in deep-inelastic scattering is reduced to (10 − 15)% [66]. Observed deviations from the
simple behavior (2.69) have been associated with contributions involving subleading Regge
trajectories [60,61].
3 Deep-inelastic scattering from nuclear systems
3.1 Introduction and motivation
We now enter into the central topic of this review: an exploration of new phenomena
specific to deep-inelastic lepton scattering from nuclear (rather than free nucleon) targets.
Nuclei represent systems with a natural, built-in length scale. The baryon density in the
center of a typical heavy nucleus is ρ0 ≃ 0.15 fm−3. The average distance between two
nucleons at this density is
d ≃ 1.9 fm. (3.1)
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The nucleons have a momentum distribution characterized by their Fermi momentum,
pF =
(
3π2
2
ρ0
)1/3
≃ 1.3 fm−1 ≃ 0.26GeV. (3.2)
A high energy virtual photon which scatters from this system can expect to see two sorts
of genuine nuclear effects:
i) Incoherent scattering from A nucleons, but with their structure functions modified
in the presence of the nuclear medium. Such modifications are expected to arise, for
example, from the mean field that a nucleon experiences in the presence of other
nucleons, and from its Fermi motion inside the nucleus;
ii) Coherent scattering processes involving more than one nucleon at a time. Such effects
can occur when hadronic excitations (or fluctuations) produced by the high energy
photon propagate over distances (in the laboratory frame) which are comparable to
or larger than the characteristic length scale d ∼ 2 fm of Eq.(3.1). A typical example
of a coherence effect is shadowing.
It turns out, as we will demonstrate, that incoherent scattering takes place primarily in
the range 0.1 < x < 1 of the Bjorken variable. Strong coherence effects are observed at
x < 0.1. Cooperative phenomena in which several nucleons participate can also occur at
x > 1. (In fact, the Bjorken variable can extend, in principle, up to x ≤ A in a nucleus
with A nucleons.)
The aim of this section is to prepare the facts and phenomenology of nuclear DIS. An
important subtopic in this context deals with the deuteron. While this is not a typical
nucleus, it serves two purposes: first, as a convenient neutron target, and secondly, as
the simplest prototype system in which coherence effects, involving proton and neutron
simultaneously, can be investigated quite accurately. For this purpose we need to introduce
the hadronic tensor and structure functions for spin-1 targets as well. Once the nuclear
structure functions are at hand we will present a survey of nuclear DIS data and give
first, qualitative interpretations. The more detailed understanding is then developed in
subsequent sections.
3.2 Nuclear structure functions
The deep-inelastic scattering cross sections for free nucleons and nuclei have basically the
same form as given by Eq.(2.1). All information about the target and its response to the
interaction is included in the corresponding hadronic tensor. For nuclei with spin 1/2 the
hadronic tensor formally coincides with the one for free nucleons given in Eqs.(2.6,2.7,2.8).
In this case nuclei are characterized by four structure functions, FA1,2 and g
A
1,2. For spin-0
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targets, only the symmetric tensor (2.7) with the structure functions FA1,2 is present. In the
case of spin-1 targets the situation is more complex. Here the hadronic tensor is composed
of eight independent structure functions [67,68]: 2
MAW
A
µν =−gµν FA1 +
PµPν
P · q F
A
2 + i
MA
P · q εµναβ q
α
(
Sβ (gA1 + g
A
2 )−
S · q
P · q P
β gA2
)
+ rµν b
A
1 + sµν b
A
2 + tµν ∆
A + uµν b
A
3 , (3.3)
with the Lorentz tensors:
rµν =−gµν
(
M2A
κA(P · q)2 q · E q · E
∗ − 1
3
)
, (3.4)
sµν =
PµPν
P · q
(
M2A
κA(P · q)2 q · E q · E
∗ − 1
3
)
,
tµν =
1
2
{(
−gµν + 2xA
κA P · qPµPν
)(
M2A
κA (P · q)2 q · E q · E
∗ − 1
)
+
[(
Eµ − q · E
κA P · qPµ
)(
E∗ν −
q · E∗
κA P · qPν
)
+ (µ↔ ν)
]}
,
uµν =
κA − 1√
κA P · q
[
Pµ q · E∗
(
Eν − q · E
κA P · qPν
)
+ Pµ q · E
(
E∗ν −
q · E∗
κA P · qPν
)
+ (µ↔ ν)
]
.
The tensors (3.4) are functions of the photon and target four-momenta qµ and P µ, the
target polarization vector E , and the spin vector Sα = −iεαβγδ Eβ∗ EγP δ/MA. Furthermore
we have used the notation κA = 1 +M
2
AQ
2/(P · q)2 where MA denotes the nuclear mass.
The nuclear structure functions in Eq.(3.3) depend on the Bjorken scaling variable of
the target, xA = Q
2/2P · q with 0 ≤ xA ≤ 1, and on the momentum transfer Q2. Note
however that these functions are frequently expressed in terms of the Bjorken variable
of the free nucleon which is x = Q2/2Mν = xAMA/M in the lab frame, and which
can extend over the interval 0 ≤ x ≤ MA/M ≃ A. The first four structure functions in
Eq.(3.3) are proportional to Lorentz structures already present in the case of free nucleons
(2.6) or spin-1/2 nuclei. The new structure functions can be measured in the scattering
of unpolarized leptons from polarized targets. By analogy with the Callan-Gross relation
(2.20) one finds bA2 = 2xAb
A
1 in the scaling limit. The deuteron structure function b
d
1 is
subject of investigations at HERMES [69].
For spin-1/2 nuclei the relations between nuclear structure functions and photon-nucleus
helicity amplitudes Aγ∗AhH,h′H′ are analogous to the ones for free nucleons in Eqs.(2.28–2.31).
For spin-1 targets with helicity H,H ′ = +,−, 0 one obtains [67,68,70]:
2 We omit terms proportional to qµ or qν which do not contribute to the cross section (2.1)
due to electromagnetic gauge invariance.
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FA1 =
1
6πe2
(
ImAγ∗A++,++ + ImAγ
∗A
+−,+− + ImAγ
∗A
+0,+0
)
, (3.5)
FA2 =
xA
3πe2κA
(
ImAγ∗A++,+++ImAγ
∗A
+−,+− + ImAγ
∗A
+0,+0 + 2 ImAγ
∗A
0+,0+ + ImAγ
∗A
00,00
)
, (3.6)
gA1 =
1
4πe2κA
(
ImAγ∗A+−,+− − ImAγ
∗A
++,++ +
√
κA − 1(ImAγ
∗A
+0,0+ + ImAγ
∗A
+−,00)
)
, (3.7)
gA2 =
1
4πe2κA
(
ImAγ∗A++,++ − ImAγ
∗A
+−,+− +
1√
κA − 1(ImA
γ∗A
+0,0+ + ImAγ
∗A
+−,00)
)
, (3.8)
bA1 =−
1
4πe2
(
ImAγ∗A++,++ + ImAγ
∗A
+−,+− − 2ImAγ
∗A
+0,+0
)
. (3.9)
Corresponding relations for the remaining structure functions can be found for example
in Ref.[68,70].
3.3 Data on nuclear structure functions
In this section we summarize the existing experimental information on nuclear effects in
structure functions. Their systematic investigation for light and heavy nuclei has been
carried out so far only in unpolarized scattering experiments. Most of the data come
from deep-inelastic lepton scattering. Modifications of nuclear parton distributions have
also been studied in other high-energy processes. We mention, in particular, heavy quark
production and Drell-Yan experiments.
3.3.1 Nuclear effects in FA2
Experiments on deep-inelastic scattering from nuclei are reviewed in [4,5]. For a discussion
of the data it is convenient to use structure functions which depend on the Bjorken scaling
variable for a free nucleon, x = Q2/(2Mν). In charged lepton scattering from unpolarized
nuclear targets these structure functions are defined by the differential cross section per
nucleon:
d2σA
dx dQ2
=
4πα2
Q4
[(
1− y − Mxy
2E
)
FA2 (x,Q
2)
x
+ y2FA1 (x,Q
2)
]
. (3.10)
Some time ago the EMC collaboration discovered that the structure function F2 for iron
differs substantially from the corresponding deuteron structure function [74], far beyond
trivial Fermi motion corrections. Since then many experiments dedicated to a study of
nuclear effects in unpolarized deep-inelastic scattering have been carried out at CERN,
SLAC and FNAL. The primary aim was to explore the difference of nuclear and deuterium
structure functions.
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Fig. 3.1. The structure function ratio FA2 /F
d
2 for
40Ca and 56Fe. The data are taken from NMC
[71], SLAC [72], and BCDMS [73].
Figure 3.1 presents a compilation of data for the structure function ratio FA2 /F
d
2 over
the range 0 ≤ x ≤ 1. Here FA2 is the structure function per nucleon of a nucleus with
mass number A, and F d2 refers to deuterium. In the absence of nuclear effects the ratios
FA2 /F
d
2 are thus normalized to one. Neglecting small nuclear effects in the deuteron, F
d
2 can
approximately stand for the isospin averaged nucleon structure function, FN2 . However, the
more detailed analysis must include two-nucleon effects in the deuteron. Several distinct
regions with characteristic nuclear effects can be identified: at x < 0.1 one observes a
systematic reduction of FA2 /F
d
2 , the so-called nuclear shadowing. A small enhancement is
seen at 0.1 < x < 0.2. The dip at 0.3 < x < 0.8 is often referred to as the traditional
“EMC effect”. For x > 0.8 the observed enhancement of the nuclear structure function is
associated with nuclear Fermi motion. Finally, note again that nuclear structure functions
can extend beyond x = 1, the kinematic limit for scattering from free nucleons.
• Shadowing region
Measurements of E665 [76,77,78] at Fermilab and NMC [71,75,79,80,81,82] at CERN
provide detailed and systematic information about the x- and A-dependence of the
structure function ratios FA2 /F
d
2 . Nuclear targets ranging from He to Pb have been
used. A sample of data for several nuclei is shown in Fig.3.2. While most experiments
cover the region x > 10−4, the E665 collaboration provides data for FXe2 /F
d
2 [76] down
to x ≃ 2 · 10−5. Given the kinematic constraints in fixed target experiments, the small
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x-region has been explored at low Q2 only. For example, at x ≃ 5 · 10−3 the typical
momentum transfers are Q2 ≃ 1 GeV2 [75]. At extremely small values, x ≃ 6 · 10−5,
one has Q2 ≃ 0.03 GeV2 [76].
In the region 5 · 10−3 < x < 0.1 the structure function ratios systematically decrease
with decreasing x. At still smaller x one enters the range of small momentum transfers,
Q2 ≃ 0.5 GeV2, approaching the limit of high-energy photon-nucleus interactions with
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Fig. 3.2. (a) NMC data [71] for the structure function ratio FA2 /F
d
2 for
4He, 12C, and 40Ca. (b)
The ratio FA2 /F
d
2 for
6Li, 12C [75], and 131Xe [76].
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Fig. 3.3. The shadowing ratio Aeff/A = σγA/AσγN for
63Cu as a function of the photon energy
ν. The date are taken from Refs.[83,84,85,86,87,88,89].
Fig. 3.4. Left: NMC data [82] for the ratio F Sn2 /F
C
2 as a function of x averaged over Q
2. At
large x SLAC data [72] for the ratio FAg2 /F
C
2 are added. Right: Results for the logarithmic slope
d(F Sn2 /F
C
2 )/d lnQ
2 from NMC [82]. The error bars represent statistical uncertainties. The band
indicates the size of the systematic errors.
32
10-5 10-4 10-3 10-2 10-1
0.8
0.85
0.9
0.95
1
1.05
l E665
NMC
F2
d
F2
p
x
Fig. 3.5. The structure function ratio F d2 /F
p
2 . Data from E665 [91] and NMC [92].
real photons. As an example we show in Fig.3.3 data on shadowing for real photon
scattering from 63Cu.
Shadowing systematically increases with the nuclear mass number A. For example, at
x ≈ 0.01 one finds FA2 /FC2 ∼ Aα−1 with α ≈ 0.95 [81]. A similar behavior has been
observed in high-energy photonuclear cross sections [90]: their A-dependence is roughly
σγA ≈ A0.92σγN where σγN is the free photon-nucleon cross section averaged over proton
and neutron.
The shadowing effect depends only weakly on the momentum transfer Q2. The most
precise investigation of this issue has been performed for the ratio of Sn and carbon
structure functions presented in Fig.3.4 [82]. It reveals that shadowing decreases at
most linearly with lnQ2 for x < 0.1. The rate of this decrease becomes smaller with
rising x. At x > 0.1 no significant Q2-dependence of F Sn2 /F
C
2 is found.
Shadowing has also been observed in deep-inelastic scattering from deuterium, the
lightest and most weakly bound nucleus. In Fig.3.5 we show data from E665 [91] and
NMC [92] for the ratio F d2 /F
p
2 of the deuteron and proton structure functions. At
x < 0.1 this ratio is systematically smaller than one.
• Enhancement region
The NMC data have established a small but statistically significant enhancement of
the structure function ratio at 0.1 < x < 0.2. The observed enhancement is of the
order of a few percent. For carbon and calcium it amounts to typically 2% [82]. The
most precise measurement of this enhancement has been obtained for F Sn2 /F
C
2 shown
in Fig.3.4. Within the accuracy of the data no significant Q2-dependence of this effect
has been found in this region.
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• Region of “EMC effect”
The region of intermediate 0.2 < x < 0.8 has been explored extensively at CERN
and SLAC. In the range 2GeV2 < Q2 < 15 GeV2, data were taken by the E139
collaboration [72] for a large sample of nuclear targets between deuterium and gold.
The measured structure function ratios decrease with rising x and have a minimum at
x ≈ 0.6. The magnitude of this depletion grows approximately logarithmically with the
nuclear mass number. The observed effect agrees well with data for the ratios of iron
and nitrogen to deuterium structure functions from BCDMS taken at large Q2 values,
14GeV2 < Q2 < 200 GeV2 [73,93]. These data imply that a strong Q2-dependence of
the structure function ratios is excluded.
• Fermi motion region
At x > 0.8 the structure function ratios rise above unity [72], but experimental infor-
mation is rather scarce. The free nucleon structure function FN2 is known to drop as
(1 − x)3 when approaching its kinematic limit at x = 1. Clearly, even minor nuclear
effects appear artificially enhanced in this kinematic range when presented in the form
of the ratio FA2 /F
N
2 .
• The region x > 1
Data at large Bjorken x and large momentum transfer, 0.7 < x < 1.3 and 50GeV2 <
Q2 < 200 GeV2, have been taken for carbon and iron by the BCDMS [94] and CCFR
[95] collaborations, respectively. The results disagree with model calculations at x ∼ 1
which account for Fermi motion effects only. For Q2 < 10 GeV2 data have been taken
at SLAC for various nuclei [96,97,98,99,100]. Both quasielastic scattering from nucleons
as well as inelastic scattering turns out to be important here.
3.4 Moments of nuclear structure functions
Given data for the ratio FA2 /F
d
2 together with the measured deuteron structure function
F d2 , the difference F
A
2 − F d2 can be evaluated. Its integral
MA2 −Md2 =
1∫
0
dxA F
A
2 (xA)−
1∫
0
dxd F
d
2 (xd) ≈
2∫
0
dx
(
FA2 (x)
F d2 (x)
− 1 + fM
)
F d2 (x) (3.11)
represents the difference of the integrated momentum fraction carried by quarks in a
nucleus relative to that for deuterium. The constant fM = (AM/MA − 2M/Md) corrects
for the different mass defects of bound systems. Note that in Eq.(3.11) we have omitted
QCD target mass corrections [101]. An analysis based on the NMC [79] and SLAC [72]
data has been performed for He, C and Ca [4]. In the kinematic range covered by these
experiments, 3.5 · 10−3 < x < 0.8, the difference of the structure function moments
MA2 −Md2 turns out to be compatible with zero. Together with the well established result
of the momentum sum rule for the proton [6], one can therefore conclude that, within the
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Fig. 3.6. NMC data [82] for RSn−RC as a function of x for Q2 ≈ 10 GeV2. The average values
for RCa −RC [104], and RAu −RFe [103] are also shown.
accuracy of present data, quarks carry about half of the total momentum, in nuclei as
well as in free nucleons.
3.5 Ratios of longitudinal and transverse cross sections
Investigations of the differences between the longitudinal-to-transverse cross section ratios
R = σL/σT (2.36) for different nuclei have been performed at SLAC for moderate and
large values of x, while the region of small x has been investigated by NMC. The difference
Rd − Rp is found to be compatible with zero [27,92,102]. Similar observations have been
made for heavier targets [82,102,103,104,105]. In Fig.3.6 we show NMC data [82] for
RSn − RC as a function of x for an average Q2 of about 10 GeV2. In addition we present
the average values from the NMC measurement for RCa−RC [104], and for RAu−RFe from
SLAC E140 [103]. All measurements are consistent with only marginal nuclear dependence
of R. This implies that nuclear effects influence both structure functions F1 and F2 in a
similar way, and that the ratio of nuclear cross sections directly measures the ratio of the
corresponding structure functions F2.
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3.6 Other measurements of nuclear parton distributions
Nuclear deep-inelastic scattering is sensitive only to the sum of valence and sea quark
distributions (see e.g. Eq.(2.37)), weighted by their respective electric charges. In order to
separate nuclear effects in the valence and sea quark sectors, and directly measure nuclear
gluon distributions, other types of processes are required which we briefly summarize in
the following.
3.6.1 Drell-Yan lepton pair production
In the Drell-Yan production of lepton pairs (mostly µ+µ−) in hadron-nucleus collisions,
the underlying partonic sub-process is the annihilation of a quark and antiquark from
beam and target into a time-like high energy photon, which subsequently converts into
the observed dilepton. The Drell-Yan cross section reads (see e.g. [106]):
d2σ
dxTdxB
=
4πα2
9m2l
K
∑
f
e2f
[
qBf (xB, Q
2) q¯Tf (xT , Q
2) + q¯Bf (xB, Q
2) qTf (xT , Q
2)
]
, (3.12)
where ml is the invariant mass of the produced lepton pair. The flavor dependent quark
distributions of the projectile and target are denoted by qBf and q
T
f , respectively. Seen
from the center-of-mass frame the active quarks carry fractions xB and xT of the beam
and target momenta. They are determined by the momentum component qL of the pro-
duced dilepton parallel to the beam, its invariant mass ml and the squared center-of-mass
energy s:
xT xB =
m2l
s
, xF =
2qL√
s
= xB − xT . (3.13)
Higher order QCD corrections to the production cross section (3.12) turn out to be sig-
nificant. They are absorbed in the so-called “K-factor” and effectively double the leading
order cross section.
The E772 experiment at FNAL [107] has investigated Drell-Yan dilepton production in
proton-nucleus collisions at s = 1600 GeV2. At xF > 0.2 the production process is domi-
nated by the annihilation of projectile quarks with target antiquarks. Outside the domain
of quarkonium resonances, i.e. for 4GeV < ml < 9 GeV and ml > 11 GeV, this experi-
ment explores possible modifications of nuclear sea quark distributions. In Fig.3.7 we show
ratios of dimuon yields for nuclear targets and deuterium taken at xF > 0. At xT > 0.1
no significant nuclear effects have been observed within admittedly large experimental
errors. This indicates the absence of strong modifications of nuclear sea quark distribu-
tions, as compared to those of free nucleons. At xT < 0.1, on the other hand, the observed
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Fig. 3.7. Drell-Yan dimuon yields per nucleon for 40Ca and 184W as a function of xT for xF > 0
[107].
attenuation for heavy nuclei implies a substantial reduction of nuclear sea quarks, in qual-
itative agreement with the shadowing effects observed in nuclear deep-inelastic scattering
at x < 0.1. The detailed comparison of shadowing in Drell-Yan versus DIS requires, of
course, a careful separation of valence and sea quark effects as well as their Q2 evolution
[108].
3.6.2 Lepton-induced production of heavy quarks
The intrinsic heavy-quark (c- or b-quark) distributions in nucleons or nuclei are expected
to be very small. Inelastic heavy-quark production is therefore assumed to receive its major
contributions from photon-gluon fusion, i.e. the coupling of the exchanged virtual photon
to a heavy quark pair which is attached to a gluon out of the target. This mechanism is a
basic ingredient of the so-called color-singlet model [109]. In this model the cross section
for heavy quark pair production is proportional to the gluon distribution of the target. A
comparison of these cross sections for nucleons and nuclei can then be directly translated
into a difference of the corresponding gluon distributions.
In this context NMC has analyzed J/ψ production data from Sn and carbon nuclei [110].
The average ratio of the corresponding inelastic J/ψ production cross sections was found
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slightly larger than one:
σ(γ∗ + Sn→ J/ψ +X)
σ(γ∗ + C→ J/ψ +X) = 1.13± 0.08. (3.14)
Within the color singlet model this implies an enhancement by about 10% of the gluon
distribution in Sn as compared to carbon in the region x ∼ 0.1, though with large errors.
3.6.3 Neutrino scattering from nuclei
Deep-inelastic neutrino scattering permits one to separate valence and sea quark dis-
tributions. It is therefore a promising tool to investigate modifications of the different
components of quark distributions in nuclei. The observed nuclear effects in neutrino ex-
periments are qualitatively similar to the results from charged lepton scattering discussed
previously [111,112,113,114], although their statistical significance is poor, given the large
experimental uncertainties.
4 Space-time description of deep-inelastic scattering
So far our picture of deep-inelastic scattering has been developed in momentum space.
The partonic interpretation of structure functions is particularly transparent in the infinite
momentum frame in which the nucleon (or nucleus) moves with (longitudinal) momentum
P →∞. In this frame the Bjorken variable x has a simple meaning as the fraction of the
nucleon momentum carried by a parton when it is struck by the virtual photon. 3
For an investigation of nuclear effects in DIS the infinite momentum frame is not always
optimal. Instead, it is often preferable to describe the scattering process in the laboratory
frame where the target is at rest. Only in that frame the detailed knowledge about nuclear
structure in terms of many-body wave functions, meson exchange currents etc. can be used
efficiently. Also, the physical effects implied by characteristic nuclear scales (the nuclear
radius RA ∼ A1/3 and the average nucleon-nucleon distance d ≃ 2 fm) are best discussed
in the lab frame.
In this section we elaborate on several aspects relevant to deep-inelastic scattering as
viewed in coordinate space. We first discuss the coordinate space resolution of the DIS
probe. Then we introduce coordinate space distribution functions (so-called Ioffe-time
distributions) of quarks and gluons and summarize results for free protons. A detailed
3 A simple interpretation is also possible in the laboratory frame using light-front dynamics.
In this description, the scattering cross section is determined by the square of the target ground
state wave function (for a review and references see e.g. [115]).
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discussion of nuclear effects in coordinate space distributions follows next. In the final
part we comment on the relationship between lab frame and infinite momentum frame
pictures.
4.1 Deep-inelastic scattering in coordinate space
We follow here essentially the discussion in Ref.[116] (see also [1,117,118,119] and refer-
ences therein). Consider the scattering from a free nucleon with momentum P µ = (M, 0)
and invariant mass M in the laboratory frame. The four-momentum transfer qµ = (ν, q),
carried by the exchanged virtual photon, is taken to be in the (longitudinal) z-direction,
q = (0⊥, q3) with q3 =
√
ν2 +Q2 andQ2 = −q2. In the Bjorken limit, ν2 ≫ Q2 ≫ M2 with
x = Q2/(2Mν) fixed, the light-cone components of the photon momentum (q± = ν ± q3)
are q+ ≃ 2ν and q− ≃ −Mx. All information about the response of the target to the
high-energy virtual photon is in the hadronic tensor
Wµν(q, P ) ∼
∫
d4y eiq·y 〈P |Jµ(y)Jν(0)|P 〉, (4.1)
(see Eq.(2.24)). Using
q · y = 1
2
(
q+y− + q−y+
)
− q⊥ · y⊥ ≃ ν y− − Mx
2
y+ − q⊥ · y⊥, (4.2)
one obtains the following coordinate-space resolutions along the light-cone distances y± =
t± y3:
δy− ∼ 1
ν
and δy+ ∼ 1
Mx
. (4.3)
At y− = 0 the current correlation function in Eq.(4.1) is not analytic since it vanishes
for y+y− − (y⊥)2 < 0 because of causality (see e.g. [7]). Indeed in perturbation theory it
turns out to be singular at y− = 0. Assuming that the integrand in (4.1) is an analytic
function of y− elsewhere, this implies thatWµν is dominated for q
+ →∞ by contributions
from y− = 0. Causality implies that, in the transverse plane, only contributions from
(y⊥)
2 ≃ 1/Q2 are relevant: deep-inelastic scattering is dominated by contributions from
the light cone, i.e. y2 = 0.
Furthermore, Eq.(4.3) suggests that one probes increasing distances along the light cone
as x is decreased. Such a behavior is consistent with approximate Bjorken scaling [117].
The coordinate space analysis of nucleon structure functions in Section 4.3 confirms this
conjecture. In the Bjorken limit the dominant contributions to the hadronic tensor at small
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Fig. 4.1. Two examples of diagrams illustrating the space-time pattern of deep inelastic scat-
tering.
x come from light-like separations of order y+ ∼ 1/(Mx) between the electromagnetic
currents in (4.1).
In the laboratory frame these considerations imply that deep-inelastic scattering involves
a longitudinal correlation length
y3 ≃ y
+
2
≡ l (4.4)
of the virtual photon. Consequently, large longitudinal distances are important in the
scattering process at small x. This can also be deduced in the framework of time-ordered
perturbation theory (see Section 4.5), where l determines the typical propagation length
of hadronic configurations present in the interacting photon.
The space-time pattern of deep-inelastic scattering is illustrated in Fig.4.1 in terms of
the imaginary part of the forward Compton amplitude: the virtual photon interacts with
partons which propagate a distance y+ along the light cone. The characteristic laboratory
frame correlation length l is one half of that distance.
4.2 Coordinate-space distribution functions
Especially when it comes to the discussion of the relevant space-time scales which govern
nuclear effects in deep-inelastic scattering, it is instructive to look at quark and gluon
distribution functions in coordinate rather than in momentum space. In this section we
prepare the facts and return to the underlying dynamics at a later stage.
It is useful to express coordinate-space distributions in terms of a suitable dimensionless
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variable. For this purpose let us introduce the light-like vector nµ with n2 = 0 and
P ·n = P0−P3. The hadronic tensor receives its dominant contributions from the vicinity
of the light cone, where y is approximately parallel to n. The dimensionless variable
z = y · P then plays the role of a coordinate conjugate to Bjorken x. It is helpful to bear
in mind that the value z = 5 corresponds to a light-cone distance y+ = 2z/M ≈ 2 fm in
the laboratory frame or, equivalently, to a longitudinal distance l ≡ y+/2 ≈ 1 fm.
In accordance with the charge conjugation (C) properties of momentum-space quark and
gluon distributions, one defines coordinate-space distributions by [120]:
Q(z,Q2)≡
1∫
0
dx
[
q(x,Q2) + q¯(x,Q2)
]
sin(z x), (4.5)
Qv(z,Q2)≡
1∫
0
dx
[
q(x,Q2)− q¯(x,Q2)
]
cos(z x), (4.6)
G(z,Q2)≡
1∫
0
dx x g(x,Q2) cos(z x), (4.7)
where q, q¯ and g are the momentum-space quark, antiquark and gluon distributions,
respectively. Flavor indices are suppressed here for simplicity.
At leading twist accuracy, the coordinate-space distributions (4.5–4.7) are related to for-
ward matrix elements of non-local QCD operators on the light cone [121,122]:
Q(z,Q2)= 1
4iP · n 〈P |ψ(y)n/Γ(y)ψ(0)|P 〉Q2 − (y ↔ −y), (4.8)
Qv(z,Q2)= 1
4P · n 〈P |ψ(y)n/Γ(y)ψ(0)|P 〉Q2 + (y ↔ −y), (4.9)
G(z,Q2)=nµnν 1
2(P · n)2 〈P |Gµλ(y) Γ(y)G
λ
ν(0)|P 〉Q2. (4.10)
Here ψ denotes the quark field and Gµν the gluon field strength tensor. The path-ordered
exponential
Γ(y) = P exp
ig yµ 1∫
0
dλAµ(λy)
 , (4.11)
where g denotes the strong coupling constant and Aµ the gluon field, ensures gauge
invariance of the parton distributions. Note that an expansion of the right-hand side
of Eqs.(4.5–4.7) and (4.8–4.10) around y = 0 (and hence z = y · P = 0) leads to the
conventional operator product expansion for parton distributions [6,7,8].
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Fig. 4.2. Coordinate-space quark and gluon distributions resulting from the CTEQ4L
parametrization of momentum-space distributions, taken at a momentum transfer Q2 = 4 GeV2.
A sum over the u and d quarks is implied in the functions Qv and Q [116].
The functions Q(z), Qv(z) and G(z) describe the mobility of partons in coordinate space.
Consider, for example, the valence quark distribution Qv(z). The matrix element in (4.9)
has an obvious physical interpretation: as illustrated in Fig.4.1a, it measures the overlap
between the nucleon ground state and a state in which one quark has been displaced along
the light cone from 0 to y. A different sequence is shown in Fig.4.1b. There the photon
converts into a beam of partons which propagates along the light cone and interacts with
partons of the target nucleon, probing primarily its sea quark and gluon content.
4.3 Coordinate-space distributions of free nucleons
In this section we discuss the properties of coordinate-space distribution functions of free
nucleons. Examples of the distributions (4.8–4.10) using the CTEQ4L parametrization
[123] of momentum-space quark and gluon distributions taken at a momentum scale Q2 =
4 GeV2, are shown in Fig. 4.2.
Some general features can be observed: the C-even quark distribution Q(z) rises at small
values of z, develops a plateau at z >∼ 5, and then exhibits a slow rise at very large z. At
z <∼ 5, the gluon distribution function z G(z) behaves similarly as Q(z). For z >∼ 5, z G(z)
rises somewhat faster than Q(z). The C-odd (or valence) quark distribution Qv(z) starts
with a finite value at small z, then begins to fall at z ≃ 3 and vanishes at large z. Recall
that in the laboratory frame, the scale z ≃ 5 at which a significant change in the behavior
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of coordinate-space distributions occurs, represents a longitudinal distance comparable to
the typical size of a nucleon.
At z < 5 the coordinate-space distributions are determined by average properties of
the corresponding momentum-space distribution functions as expressed by their first few
moments [124,125]. For example, the derivative of the C-even quark distribution Q(z)
taken at z = 0 equals the fraction of the nucleon light-cone momentum carried by quarks.
The same is true for the gluon distribution z G(z) (the momentum fractions carried by
quarks and by gluons are in fact approximately equal, a well-known experimental fact).
At z > 10 the coordinate-space distributions are determined by the small-x behavior of
the corresponding momentum space distributions. Assuming, for example, q(x) ∼ xβ for
x < 0.05 implies Q(z) ∼ z−β−1 at z > 10. Similarly, the small-x behavior g(x) ∼ xβ leads
to z G(z) ∼ z−β−1 at large z. For typical values of β as suggested by Regge phenomenology
[22] one obtains Qv ∼ z−0.5 while Q(z) and z G(z) become constant at very large z.
The fact that Q(z) and z G(z) extend over large distances has a natural interpretation
in the laboratory frame. At correlation lengths l much larger than the nucleon size, both
Q(z) and z G(z) reflect primarily the partonic structure of the photon which behaves
like a high-energy beam of gluons and quark-antiquark pairs incident on the nucleon. For
similar reasons, the valence quark distribution Qv(z) defined in Eq.(4.9) has a pronounced
tail which extends to distances beyond the nucleon radius. An antiquark in the “beam”
can annihilate with a valence quark of the target nucleon, giving rise to long distance
contributions inQv. A detailed and instructive discussion of this frequently ignored feature
10−1 < x < 1
10−2 < x < 10−1
10−3 < x < 10−2
10−4 < x < 10−3
l = y+/2 = z/M [fm]
co
n
tr
ib
u
ti
on
s
to
F 2
1001010.1
1.2
1
0.8
0.6
0.4
0.2
0
-0.2
Fig. 4.3. Contributions from different regions in x to the F2 combination of coordinate-space
quark and antiquark distributions at Q2 = 4 GeV2 [116].
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can be found in Ref.[126].
Finally we illustrate the relevance of large distances in deep-inelastic scattering at small
x. In Fig. 4.3 we show contributions to the nucleon structure function F2 in coordinate
space,
F2(z,Q2) =
1∫
0
dx
x
FN2 (x,Q
2) sin(z x), (4.12)
which result from different windows of Bjorken x. This confirms once more that contri-
butions from large distances ∼ 1/(Mx) dominate at small x.
4.4 Coordinate-space distributions of nuclei
The implications for scattering from nuclear targets, especially for coherence phenomena,
are now obvious. If one compares, in the laboratory frame, the longitudinal correlation
length l from Eq.(4.4) with the average nucleon-nucleon distance in the nucleus, d ≃ 2
fm, one can clearly distinguish two separate regions:
(i) At small distances, l < d, the virtual photon scatters incoherently from the individual
hadronic constituents of the target nucleus. Possible modifications of the coordinate
distribution functions (4.5 – 4.7) in this region are caused by bulk nuclear effects
such as binding and Fermi motion.
(ii) At larger distances, l > d, it is likely that several nucleons participate collectively
in the interaction. Modifications of the coordinate distribution functions are now
expected to come from the coherent scattering on at least two nucleons in the target.
Using l ∼ 1/(2Mx), this region corresponds to x <∼ 0.05.
This suggests that the nuclear modifications seen in coordinate-space distributions will
be quite different in the regions l > 2 fm and l < 2 fm. This is best demonstrated by
studying the ratios of nuclear and nucleon coordinate space distribution functions:
RF2(z,Q2)=
∫A
0
dx
x
FA2 (x,Q
2) sin(z x)∫ 1
0
dx
x
FN2 (x,Q
2) sin(z x)
=
∑
f e
2
f QAf (z,Q2)∑
f e
2
f QNf (z,Q2)
, (4.13)
Rv(z,Q2)= Q
A
v (z,Q
2)
QNv (z,Q2)
, (4.14)
RG(z,Q2)= zG
A(z,Q2)
zGN(z,Q2) . (4.15)
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Fig. 4.4. The coordinate space ratio RF2 at Q2 = 5 GeV2 for 4He, 12C, and 40Ca from Ref.[119].
The ratios RF2 have been obtained for different nuclei from an analysis of the measured
momentum space structure functions [119]. Furthermore, the ratios of valence quark and
gluon distributions have been calculated in [116] as sine and cosine Fourier transforms
(4.5 – 4.7) of momentum space distribution functions which result from an analysis of
nuclear DIS and Drell-Yan data [127] (see also Section 5.6).
In Fig.4.4 we show the ratio RF2 for Q2 = 5 GeV2 taken from [119]. The most prominent
feature is the pronounced depletion of RF2 at l > 2 fm caused by nuclear shadowing. At
l <∼ 1 fm, nuclear modifications of RF2 are small, and deep-inelastic scattering proceeds
incoherently from the hadronic constituents of the target nucleus. The intrinsic structure
of individual nucleons is evidently not much affected by nuclear mean fields. In momentum
space, on the other hand, the pronounced nuclear dependence of the structure function FA2
at x > 0.1 evidently results from a superposition of long and short distance contributions
as seen in Fig.4.3. (For a detailed discussion see Ref.[119].)
In Fig.4.5 we show the valence quark and gluon ratios Rv and RG for 40Ca from Ref.[116].
They behave similarly as the structure function ratio RF2 , where the depletion of gluons
at large distances is most pronounced. It is interesting to observe that in coordinate space,
shadowing sets in at approximately the same value of l for all sorts of partons. In momen-
tum space, shadowing is found to start at different values of x for different distributions
[127]. Finally note that the shadowing effect continues to increase for distances larger
than the nuclear diameter.
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Fig. 4.5. Coordinate-space ratios at Q2 = 4 GeV2 for gluon distributions, valence-quark distri-
butions, and the F2 structure function in
40Ca [116].
The results shown in Fig.4.5 clearly emphasize the important role of gluons in the shad-
owing process. Of course the incident virtual photon does not directly “see” the gluons. In
the primary step the photon converts into a quark-antiquark pair. At small Bjorken-x, the
subsequent QCD evolution of this pair rapidly induces a cascade of gluons. This cascade
propagates along the light cone over distances which can exceed typical nuclear diameters
by far: the high energy, high Q2 photon behaves in part like a gluon beam which scatters
coherently from the nucleus. This offers interesting new physics. The detailed QCD analy-
sis of nuclear shadowing can in fact give information on the “cross section” σgN for gluons
incident on nucleons, and a simple eikonal estimate using Rg at asymptotic distances l
suggests that this σgN is indeed large, comparable to typical hadronic cross sections (see
also Refs.[128,129]).
In summary, a coordinate space representation which selects contributions from different
longitudinal distances, lucidly demonstrates that nuclear effects of the structure function
F2 and parton distributions are by far dominated by shadowing and have a surprisingly
simple geometric interpretation.
4.5 Deep-inelastic scattering in standard perturbation theory
It is instructive to illustrate the previous results by looking at the lab frame space-time
pattern of the (virtual) photon-nucleon interaction from the point of view of standard
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Fig. 4.6. The two possible time orderings for the interaction of a (virtual) photon with a nucleon
or nuclear target: (a) the photon hits a quark in the target, (b) the photon creates a qq¯ pair
that subsequently interacts with the target.
time-ordered perturbation theory. The two basic time orderings are shown in Figs.4.6a
and 4.6b:
(a) the photon hits a quark or antiquark in the target which picks up the large energy
and momentum transfer;
(b) the photon converts into a quark-antiquark pair which propagates and subsequently
interacts with the target.
For small Bjorken-x the pair production process (b) dominates the scattering amplitude,
as already mentioned. This can also be easily seen in time-ordered perturbation theory as
follows (see e.g. [25] and references therein): the amplitudes Aa andAb of processes (a) and
(b) are roughly proportional to the inverse of their corresponding energy denominators
∆Ea and ∆Eb. For large energy transfers ν ≫M one finds:
∆Ea=Ea(t2)−Ea(t1) ≈ −
〈
p2q
〉1/2
+
〈
p2q
〉
+Q2
2ν
, (4.16)
∆Eb=Eb(t2)−Eb(t1) ≈ µ
2 +Q2
2ν
, (4.17)
where
〈
p2q
〉1/2
is the average quark momentum in a nucleon and µ is the invariant mass
of the quark-antiquark pair. We then obtain for the ratio of these amplitudes:
∣∣∣∣AaAb
∣∣∣∣ ∼ ∣∣∣∣∆Eb∆Ea
∣∣∣∣ ≈ Mx〈
p2q
〉1/2
(
1 +
µ2
Q2
)
. (4.18)
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Fig. 4.7. Deep-inelastic scattering at small x≪ 1 in the laboratory frame proceeds via hadronic
fluctuation present in the photon wave function.
When analyzing the spectral representation of the scattering amplitude one observes that
the bulk contribution to process (b) results from those hadronic components in the photon
wave function which have a squared mass µ2 ∼ Q2 (see Section 5.4.1). The ratio in
Eq.(4.18) is evidently small for x ≪ 0.1. Hence pair production, Fig.4.6b, is the leading
lab frame process in the small-x region. On the other hand, at x > 0.1, both mechanisms
(a) and (b) contribute.
In process (b) the photon couples to a quark pair which can form a complex (hadronic
or quark-gluon) intermediate state and then scatters from the target. At small x deep-
inelastic scattering can therefore be described in the laboratory frame in terms of the
interaction of quark-gluon components present in the wave function of the virtual photon
(Fig.4.7). The longitudinal propagation length λ of a specific photon-induced quark-gluon
fluctuation with mass µ is given by the inverse of the energy denominator (4.17):
λ ∼ 1
∆Eb
=
2ν
µ2 +Q2
µ2∼Q2−−−→ 1
2xM
, (4.19)
which coincides with the longitudinal correlation length l of Eq.(4.4). For x < 0.05 the
propagation length λ exceeds the average distance between nucleons in nuclei, λ > d ≃
2 fm. For a nuclear target, coherent multiple scattering of quark-gluon fluctuations of the
photon from several nucleons in the nucleus can then occur, and this is clearly seen in the
coordinate space analysis discussed in the previous section.
For larger values of the Bjorken variable, x > 0.2, the propagation length of intermediate
hadronic states is small, λ < d. At the same time the process in Fig.4.6a becomes promi-
nent, i.e. the virtual photon is absorbed directly by a quark or antiquark in the target.
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Now the incoherent scattering from the hadronic constituents of the nucleus dominates.
4.6 Nuclear deep-inelastic scattering in the infinite momentum frame
Let us finally view the deep-inelastic scattering process in the so-called infinite momentum
frame where the target momentum is large. In this frame the standard parton model
applies in which a snapshot of the target at the short time scale of the interaction reveals
an ensemble of almost non-interacting partons, i.e. quarks and gluons.
Consider the scattering from a nucleus which moves with large longitudinal momentum
PA ≈ APN →∞, where PN is the average longitudinal momentum of the bound nucleons
[130,131,132]. The average nucleon-nucleon distance in nuclei is now Lorentz contracted
as compared to the lab frame: dinf ≈ dMA/PA ≈ 2 fmM/PN. On the other hand the
delocalization of a parton with longitudinal momentum fraction x in the nucleon is given
according to the Heisenberg uncertainty principle by δl ≈ 1/xPN. At small Bjorken-x,
x < 1/dinfPN ≈ 0.1, the wave functions of partons from different nucleons have a chance
to overlap, i.e. dinf < δl. Therefore, at x ≪ 0.1 we expect an enhanced interaction
between partons coming from different nucleons. One can anticipate that, at x ≪ 0.1,
the parton delocalization extends over the whole nucleus. This is where the quark and
gluon fluctuations of the photon interact simultaneously with the parton content of several
nucleons.
5 Shadowing in unpolarized deep-inelastic scattering
As outlined in Section 3.3, the most pronounced nuclear effect in lepton-nucleus DIS
is shadowing. For small values of the Bjorken variable (x < 0.1), the nuclear structure
functions FA2 are significantly reduced as compared to the free nucleon structure function
FN2 . Equivalently, the virtual photon-nucleus cross section is less than A times the one
for free nucleons, σγ∗A < Aσγ∗N. The analogous behavior is observed for real photons at
large energies (ν > 3GeV).
This reduction of nuclear cross sections is reminiscent of the features seen in high-energy
hadron-nucleus collisions. For example, total cross sections for nucleon-nucleus scattering
behave as σNA ∼ A0.8 σNN at center-of-mass energies
√
s ∼ (10 – 25)GeV2 [133]. A simple
geometric picture interprets this effect as the hadron projectile interacting mainly with
nucleons at the nuclear surface, leading to σNA ∼ A2/3.
The quantum mechanical description of shadowing in DIS explains this phenomenon by
the destructive interference of single and multiple scattering amplitudes. Multiple scat-
tering becomes important as soon as the lab frame coherence length for the hadronic
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fluctuations of the photon propagator exceeds the average distance between two nucleons
in the nuclear target. We have seen in our space-time discussion of Section 4 that this is
precisely what happens in the region x < 0.1 of the Bjorken variable.
The physics issue of nuclear DIS at small x is therefore, roughly speaking, the optics
of hadronic or quark-gluon fluctuations of the virtual photon in the nuclear medium.
Diffractive phenomena play an important role in this context, as we shall demonstrate.
At extremely small x (i.e. for x < 10−3) in combination with large Q2, the measured
free nucleon structure functions indicate a rapidly growing number of partons (mostly
gluons). This is the domain of “high density QCD” where individual partons interact
perturbatively, at large Q2, but their number increases so strongly that effective cross
sections can become large (for references see e.g. [134,135,136,137,138,139]). It is of great
interest to investigate the transition of the observed shadowing phenomena into this new
domain, accessible by collider experiments, but so far unexplored for nuclear systems.
In this section we first concentrate on the relationship between diffractive photo- and
leptoproduction from nucleons and shadowing in high-energy photon- and lepton-nucleus
interactions. Then we investigate perturbative and non-perturbative QCD aspects of shad-
owing. After that we summarize existing models which successfully describe data. Finally
we outline implications of shadowing for nuclear parton distributions.
5.1 Diffractive production and nuclear shadowing
In the shadowing region, diffractive photo- and leptoproduction of high energy hadrons
gives a substantial contribution to the (virtual) photon-nucleon cross section as dis-
cussed in Section 2.6.4. This suggests that the diffractive excitation of hadronic states,
γ∗N → XN, and their coherent interaction with several nucleons inside the target plays
an important role for shadowing in high energy photon-nucleus scattering, in a similar
way as for hadron-nucleus collisions. For this effect to be significant, the following two
conditions have to be met in the laboratory frame:
(i) The longitudinal propagation length, or coherence length,
λ =
2ν
M2X +Q
2
(5.1)
of the diffractively produced hadronic state of invariant mass MX, Eq.(4.19), must
exceed the average nucleon-nucleon distance in nuclei:
λ > d ≃ 2 fm. (5.2)
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(ii) In addition, the mean free path lX = (ρ σXN)
−1 of the diffractively produced system
in the nuclear medium must be sufficiently short, at least smaller than the nuclear
radius
Note that the mean free path of photons in a nucleus with density ρ amounts to lγ ≈
(ρ σγN)
−1 ≈ 550 fm, which is much larger than any nuclear scale. Consequently “bare”
photons do not scatter coherently from several nucleons and therefore do not contribute
to shadowing.
Shadowing results from the coherent scattering of a hadronic fluctuation from at least
two nucleons in the target, i.e. for λ > d. Since the longitudinal propagation length λ of a
diffractively produced hadronic state X decreases with its mass MX, low mass excitations
with MX <∼ 1GeV are relevant for the onset of shadowing. Equation (5.2) tells again
that shadowing in deep-inelastic scattering at Q2 ≫ 1GeV2 should start at x ≈ 0.1,
in accordance with the observed effect and in close correspondence with the space-time
picture described in Section 4.
For real photons diffractive processes at low mass are dominated by the excitation of the
ρ- and ω-meson. Significant contributions to double scattering and hence to shadowing
are therefore expected if the photon energy ν exceeds about 3 GeV, in line with the
experimental data.
Consider now the scattering process in the laboratory frame. Realistic nuclear wave func-
tions are well established only in this frame (with the exception of recent efforts to con-
struct relativistic nuclear model wave functions on the light front, see e.g. [140 – 146]).
Later, in Section 5.5, we comment on nuclear shadowing as seen in the Breit frame. We
first neglect effects due to nuclear binding, Fermi-motion and non-nucleonic degrees of
freedom in nuclei. They are relevant at moderate and large values of the Bjorken variable,
x > 0.1, as discussed in Section 6.
The (virtual) photon-nucleus cross section can be separated into a piece which accounts
for the incoherent scattering from individual nucleons, and a correction from the coherent
interaction with several nucleons:
σγ∗A = Z σγ∗p + (A− Z) σγ∗n + δσγ∗A. (5.3)
The single scattering part is the incoherent sum of photon-nucleon cross sections, where
Z is the nuclear charge. The multiple scattering correction can be expanded in contribu-
tions which account for the scattering from n ≥ 2 nucleons. Expressed in terms of the
corresponding multiple scattering amplitudes A(n)γ∗A we have:
δσγ∗A =
1
2MAν
A∑
n=2
ImA(n)γ∗A, (5.4)
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Fig. 5.1. Single (a) and double (b) scattering contribution to virtual photon-deuteron scattering.
The corresponding cross sections are obtained from the imaginary part of the forward scattering
amplitude indicated by the dashed line.
where the photon flux (2.32) is taken in the limit x ≪ 1. The leading contribution to
nuclear shadowing comes from double scattering. Its mechanism is best illustrated for a
deuterium target on which we focus next.
5.1.1 Shadowing in deuterium
In this section we review the basic mechanism of shadowing in real and virtual photon-
deuteron scattering at high energies ν, or equivalently, small x. The γ∗-deuteron cross
section can be written as the sum of single and double scattering parts as illustrated in
Fig.5.1:
σγ∗d = σγ∗p + σγ∗n + δσγ∗d. (5.5)
The first two terms describe the incoherent scattering of the (virtual) photon from the
proton or neutron, while
δσγ∗d =
1
2Mdν
ImA(2)γ∗d (5.6)
accounts for the coherent interaction of the projectile with both nucleons.
For large energies, ν > 3 GeV, or small values of the Bjorken variable, x < 0.1, the
double scattering amplitude A(2)γ∗d is dominated by the diffractive excitation of hadronic
intermediate states (Fig.5.1 b) described by the amplitude Tγ∗N→XN. At the high energies
involved it is a good approximation to neglect the real part of this amplitude. In fact,
we expect ReTγ∗N→XN <∼ 0.15 ImTγ∗N→XN by analogy with high-energy hadron-hadron
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scattering amplitudes (see e.g. [21]). When including such non-zero real parts, the double
scattering contribution changes by less than 10% [147]. We neglect the spin and isospin
dependence for unpolarized scattering [70]. Of course, these degrees of freedom play a
crucial role in polarized scattering as we will discuss in Section 7.3.
Treating the deuteron target in the non-relativistic limit gives [148,149,150,151]:
A(2)γ∗d=−
2
M
∫
d3r |ψd(r)|2
×∑
X
∫
d3k
(2π)3
Tγ∗N→XN(k)
eik·r
(q0 − k0)2 − k2⊥ − (q3 − k3)2 −M2X + iǫ
TXN→γ∗N(k),(5.7)
where kµ = (k0,k) with k = (k⊥, k3) is the four-momentum transfered to the nucleon,
and ψd is the deuteron wave function normalized as
∫
d3r |ψd(r)|2 = 1. The sum is taken
over all diffractively excited hadronic states with invariant mass MX and four-momentum
pX = q − k. We write
∑
X
|Tγ∗N→XN|2 = 64 πM2ν2
W 2∫
4m2pi
dM2X
d2σdiffγ∗N
dM2Xdt
(5.8)
in terms of the diffractive production cross section, with t = k2. The limits of integration
define the kinematically permitted range of diffractive excitations, with their invariant
mass MX above the two-pion production threshold and limited by the center-of-mass
energy W =
√
s of the scattering process. We introduce the spin-averaged deuteron form
factor,
Sd(k) =
∫
d3r eik·r |ψd(r)|2, (5.9)
perform the integration over the longitudinal momentum transfer in Eq.(5.7) and then
take the imaginary part of the amplitude A(2)γ∗d. Actually k3 is simply fixed by energy-
momentum conservation:
k3 ≈ Q
2 +M2X
2ν
=
1
λ
, (5.10)
which coincides with the inverse of the longitudinal propagation length (4.19) of the inter-
mediate hadronic state. Note that the minimal momentum transfer required to produce
a hadronic state diffractively from a nucleon at rest amounts to tmin ≈ −k23(MX).
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When all steps are carried out, the result for the double scattering correction is [148,149]
δσγ∗d = −2
π
∫
d2k⊥
W 2∫
4m2pi
dM2X Sd(k⊥, k3 ≈ λ−1(MX))
d2σdiffγ∗N
dM2Xdt
. (5.11)
This equation establishes the close relationship between shadowing in deep-inelastic scat-
tering and diffractive hadron production. It becomes even more transparent for x≪ 0.1,
i.e. large λ. In this limit the magnitude of shadowing is determined just by the ratio of
diffractive and total γ∗N cross sections. To verify this let us parametrize the t-dependence
of the diffractive production cross section entering in Eq.(5.11) as
d2σdiffγ∗N
dM2Xdt
= e−B|t|
d2σdiffγ∗N
dM2Xdt
∣∣∣∣∣∣
t=0
≈ e−Bk2⊥ d
2σdiffγ∗N
dM2Xdt
∣∣∣∣∣∣
t=0
, (5.12)
neglecting the k3 dependence of t. Data from FNAL and HERA on diffractive photo- and
leptoproduction of hadrons with mass M2X > 3 GeV
2 give B ≃ (5 . . . 7)GeV−2 [53,58,59].
In the diffractive production of low mass vector mesons (ρ, ω and φ) from nucleons, a
range of values B ≃ (4 . . . 10)GeV−2 has been found, depending on Q2 and on the incident
photon energy (for a review and references see e.g. [49,64]). Clearly, the soft deuteron form
factor selects momenta such that the double scattering correction in (5.11) is dominated
by diffractive production in the direction of the incident photon.
In Fig.5.2 we show the deuteron form factor (5.9) weighted by the exponential t-dependence
(5.12) and integrated over transverse momentum,
FBd (λ−1) ≡
∫
d2k⊥
(2π)2
Sd(k⊥, k3 = λ
−1) e−Bk
2
⊥, (5.13)
as obtained with the Paris nucleon-nucleon potential [152] for a slope parameter B = 8
GeV−2. We observe FBd ≈ constant as long as the longitudinal propagation length λ
exceeds the deuteron size 〈r2〉1/2d ≈ 4 fm. From Eq.(5.2) one then finds that hadronic
states with an invariant mass
M2X < M
2
max =
W 2 +Q2
M〈r2〉1/2d
−Q2 (5.14)
contribute dominantly to double scattering. Combining Eqs.(5.11) and (5.14) gives the
following approximate expression for the shadowing correction in the limit of large longi-
tudinal propagation length λ:
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Fig. 5.2. Integrated deuteron form factor FBd from Eq.(5.13) for an average slope B = 8 GeV2.
The dotted curve corresponds to B = 0.
δσγ∗d≈−8πFBd (λ−1 → 0)
M2max∫
4m2pi
dM2X
dσdiffγ∗N
dM2Xdt
∣∣∣∣∣∣∣
t=0
≈ −8πFBd (0)B σdiffγ∗N . (5.15)
In the last step we have neglected contributions to the integrated diffractive production
cross section σdiffγ∗N from hadronic states with invariant masses Mmax < MX < W . Since
dσdiffγ∗N /dM
2
X drops strongly for large MX as discussed in Section 2.6.4, this approximation
is justified at large center of mass energies W or, equivalently, at small x. For the ratio
between deuteron and free nucleon structure functions we then obtain:
Rd =
F d2
FN2
=
σγ∗d
2 σγ∗N
≈ 1− 4πFBd (0)B
σdiffγ∗N
σγ∗N
. (5.16)
We use σdiffγ∗N /σγ∗N ≈ 0.1 for the fraction of diffractive events in deep-inelastic scattering
from free nucleons, as suggested by experiment (see Section 2.6.4). Furthermore we take
B = 8 GeV−2. One finds that shadowing at x≪ 0.1 in deuterium amounts to about 2%,
i.e. Rd ≈ 0.98. The effect is small because of the large average proton-neutron distance in
the deuteron, but the result agrees well with the experimental data shown in Fig.3.5.
5.1.2 Shadowing for heavy nuclei
The diffractive production of hadrons from single nucleons also controls shadowing in
heavier nuclei for which this effect is far more pronounced than in the deuteron. It is an
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empirical fact that nuclear shadowing increases with the nuclear mass number A of the
target (see Section 3.3). For A > 2 the hadronic state which is produced in the interaction
of the photon with one of the nucleons in the target may scatter coherently from more
than two nucleons. However, double scattering still dominates since the probability that
the propagating hadron interacts with several nucleons along its path decreases with the
number of scatterers. The double scattering contribution to the total photon-nucleus cross
section σγ∗A is obtained by straightforward generalization of the deuteron result (5.11)
[149,150]:
σ
(2)
γ∗A=−8π
∫
d2b
+∞∫
−∞
dz1
+∞∫
z1
dz2 ρ
(2)
A (b, z1; b, z2) ·
W 2∫
4m2pi
dM2X cos [(z2 − z1)/λ]
d2σdiffγ∗N
dM2Xdt
∣∣∣∣∣∣
t≈0
. (5.17)
As illustrated in Fig.5.3 a diffractive state with invariant mass MX is produced in the
interaction of the photon with a nucleon located at position (b, z1) in the target. The
hadronic excitation propagates at fixed impact parameter b and then interacts with a
second nucleon at z2. The probability to find two nucleons in the target at the same
impact parameter is described by the two-body density ρ
(2)
A (b, z1; b, z2) normalized as∫
d3r d3r′ ρ
(2)
A (r, r
′) = A2. The cos[(z2 − z1)/λ] factor in Eq.(5.17) implies that only
diffractively excited hadrons with a longitudinal propagation length larger than the aver-
age nucleon-nucleon distance in the target, λ > d ≃ 2 fm, can contribute significantly to
double scattering.
Note that nuclear short-range correlations are relevant only if the coherence length of the
diffractively excited states is comparable to the range of the short-range repulsive part of
the nucleon-nucleon force, i.e. for λ <∼ 0.5 fm. In this case the shadowing effect is negligible.
Nuclear correlations are therefore not important in the shadowing domain and the target
can be considered as an ensemble of independent nucleons with ρ
(2)
A (r, r
′) ≈ ρA(r)ρA(r ′),
where ρA is the nuclear one-body density [153,154].
With increasing photon energies or decreasing x down to x≪ 0.1, the longitudinal prop-
agation length of diffractively excited hadrons rises and eventually reaches nuclear di-
mensions. Then interactions of the excited hadronic states with several nucleons in the
target become important. A simple way to account for those is a frequently used equation
derived by Karmanov and Kondratyuk [155]:
δσγ∗A=−8π
∫
d2b
+∞∫
−∞
dz1
+∞∫
z1
dz2 ρA(b, z1) ρA(b, z2) ·
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Fig. 5.3. Double scattering contribution to deep-inelastic scattering from nuclei.
W 2∫
4m2pi
dM2X cos [(z2 − z1)/λ]
d2σdiffγ∗N
dM2Xdt
∣∣∣∣∣∣
t≈0
exp
−σXN
2
z2∫
z1
dz ρA(b, z)
 . (5.18)
The exponential attenuation factor describes the elastic re-scattering of the diffractively
produced hadronic states from the remaining nucleons in the target. The hadron-nucleon
scattering amplitudes are assumed to be purely imaginary and enter in Eq.(5.18) through
the cross sections σXN.
Equation (5.18) has been applied in several investigations of nuclear shadowing using dif-
ferent models for the diffractive photoproduction cross section. The more detailed results
are discussed in Section 5.4, but we can get a simple estimate of nuclear shadowing at
small Bjorken-x already by just looking at the relative amount of diffraction in DIS from
free nucleons [66]. We restrict ourselves to the double scattering correction (5.17). For
x ≪ 0.1, the coherence length λ of the hadronic states which dominate diffractive pro-
duction in Eq.(5.17), exceed the diameter of the target nucleus. In the limit λ → ∞ we
find:
σ
(2)
γ∗A ≃ −8π B σdiffγ∗N
∫
d2b
+∞∫
−∞
dz1
+∞∫
z1
dz2 ρA(b, z1) ρA(b, z2). (5.19)
The slope parameter B and the integrated diffractive production cross section σdiffγ∗N have
been introduced as in Eqs.(5.12, 5.15).
For the nuclear densities in Eq.(5.19) we use Gaussian,
ρA(r) = A
(
3
2 π 〈r2〉A
)3/2
exp
(
− 3 r
2
2 〈r2〉A
)
, (5.20)
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and square-well parametrizations,
ρA(r) =

A 3
4pi
(
3
5 〈r2〉A
)3/2
for r <
√
5
3
〈r2〉1/2A ,
0 otherwise,
(5.21)
with the mean square radius 〈r2〉A =
∫
d3r r2 ρA(r)/A. For both cases the shadowing ratio
RA = σγ∗A/Aσγ∗N is easily worked out:
RA ≃ 1− C A
(
B
〈r2〉A
)
σdiffγ∗N
σγ∗N
. (5.22)
For Gaussian nuclear densities one finds C = 3, while C = 2.7 in the square-well case.
Using again typical values for the ratio of diffractive and total γ∗N cross sections,
σdiffγ∗N /σγ∗N ≃ 0.1, and for the slope parameter, B ≃ 8 GeV−2, the magnitude of RA
comes out in very reasonable agreement with experimental values as shown in Table 1.
This estimate may be simple (in fact, higher order multiple scattering must be included
6Li 12C 40Ca 131Xe
RA 0.93 0.84 0.73 0.65
Rexp.A 0.94 ± 0.07 0.87 ± 0.10 0.77 ± 0.07 0.67 ± 0.09
Table 1
The shadowing ratio RA estimated according to Eq.(5.22) in comparison to experimental data
for various nuclei. The data are taken from Ref.[75,76,77] at the smallest kinematically accessible
values of Bjorken-x (namely, x ≃ 10−4).
in a more detailed analysis) but it certainly confirms that shadowing in nuclear DIS is
governed by the coherent interaction of diffractively produced states with several nucle-
ons in the target nucleus. A more detailed investigation of the connection between HERA
data on diffraction and shadowing effects measured at CERN and FNAL can be found in
Ref.[156].
Inelastic transitions between different hadronic states are neglected in Eq.(5.18). They
cannot be treated in a model-independent way. Estimates of such higher order diffractive
dissociation contributions have been performed for high-energy hadron-nucleus scattering
[133,157]. In the case of neutron-nucleus collisions at center-of-mass energies s ∼ 200GeV2
they amount to about 5% of the total reaction cross section. For rising energies the relative
importance of inelastic transitions is expected to grow [157].
Given the important role of diffractive production, we can now enter into a more detailed
discussion of the x-dependence of shadowing. The coherence lengths λ of hadronic states
with small masses become comparable with nuclear dimensions for x < 0.1. As λ increases
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Fig. 5.4. The quantity log (1−RA) as a function of log x for data taken on lead [77]. The dashed
line corresponds to the asymtotic energy dependence (5.24) with ε = 0.1.
with decreasing x, the shadowing effect grows steadily for x <∼ 0.05. At x≪ 0.1 it is also
the energy dependence of the diffractive production cross section and of the hadron-
nucleon cross section σXN which influences the x-dependence of shadowing.
Consider the shadowing ratio RA = σγ∗A/Aσγ∗N = 1− δσγ∗A/Aσγ∗N, parametrized as:
RA − 1 = −c
(
1
x
)ε
, (5.23)
with a constant c at small Q2 where data are actually taken, and a characteristic exponent
ǫ. At asymptotically large energies Regge phenomenology suggests ε ≃ 0.1 (see Section
2.6.4) 4 .
In Fig.5.4 we show the quantity
log (1− RA) = log c− ε log x, (5.24)
plotted versus log x in comparison with data taken on Pb at small Q2. This plot confirms
that, for x < 3 · 10−3, the shadowing effect indeed approaches the high-energy behavior
4 At the typical average center of mass energiesW < 25 GeV used at experiments at CERN and
FNAL a somewhat stronger energy dependence is expected through the kinematic restriction to
diffractively produced hadronic states with masses MX < W .
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expected from the Regge limit of diffractive production. Deviations from this asymptotic
behavior at larger values of x indicate how shadowing gradually builds up as the coherence
length λ ∝ x−1 starts to exceed nuclear length scales for low mass diffractively produced
states. At sufficiently high energy or small x, the coherence length becomes comparable to
nuclear dimensions even for heavy hadronic intermediate states. Once a major fraction of
diffractively produced states contribute to shadowing it starts to approach its asymtotic
high-energy behavior. Note this asymptotic behavior sets in when the coherence lengths
λX of low mass hadronic fluctuations of the photon exceed by far the dimension of the
nucleus. For example at x = 3 · 10−3 and Q2 ≃ 0.7 GeV2, which corresponds to the onset
of the asymptotic behavior in Fig.5.4, the ρ meson coherence length becomes λρ ≃ 36 fm.
5.1.3 Shadowing for real photons
Data on the diffractive production of hadrons in high-energy photon-nucleon interactions
have been summarized in Section 2.6.4. They are useful to gain insight into the relative
importance of ρ, ω and φ mesons, as compared to heavier states, for nuclear shadowing
with real photons.
Diffractive γN → XN production with MX <∼ 1 GeV involves primarily the light vector
mesons ρ, ω and φ. Nuclear shadowing at photon energies ν up to about 200 GeV is largely
determined by the coherent multiple scattering of those diffractively produced vector
mesons. Their propagation lengths λ ≃ 2ν/m2V easily exceed nuclear dimensions as soon as
ν > 20 GeV. With rising energies additional contributions to shadowing from diffractively
produced states with larger masses, MX > 1 GeV, become increasingly important.
This behavior is illustrated for DIS from deuterium in Fig.5.5, where we show the ratio of
the total photon-deuteron cross section compared to the free photon-nucleon cross section,
Rd = σγd/2σγN, from Ref.[147]. The empirical photon-proton cross section from [158] has
been used for σγN. The shadowing correction (5.11) has been calculated using a fit for the
diffractive photon-nucleon cross section from Ref.[147].
The observed energy dependence of shadowing in Fig.5.5 results from two sources as
pointed out previously: the dependence of the diffractive and total photon-nucleon cross
sections on energy implies Rd−1 ∼ ν0.1 for the shadowing ratio. An additional increase of
shadowing with rising energy ν comes from diffractively produced states with large mass,
MX > 1 GeV, which become relevant at high energies.
5.1.4 Shadowing in DIS at small and moderate Q2
So far nuclear shadowing has been measured only in fixed target experiments. The kine-
matic conditions of such experiments imply that the data for x < 0.01 had to be taken
at small four-momentum transfers, Q2 <∼ 1 GeV2, as discussed in Section 3.3.1. The cor-
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Fig. 5.5. The shadowing ratio Rd = σγd/2σγN as a function of the photon energy. The dashed
line shows the vector meson contribution. The experimental data are taken from the E665
collaboration [91]. (The energy values of the data have to be understood as average values which
correspond to different x-bins.)
responding energy transfers are typically 50GeV < ν < 300GeV. The conclusions just
drawn for real photons apply here too: nuclear shadowing as measured by E665 and NMC
receives major contributions from the diffractive production and multiple scattering of
vector mesons.
In the intermediate range 0.01 < x < 0.1, on the other hand, the E665 and NMC mea-
surements involve momentum transfers up to Q2 ∼ 30GeV2. At Q2 > 1 GeV2 vector
meson contributions to diffraction and shadowing decrease (Section 2.6.4) and hadronic
states with masses M2X ∼ Q2 become relevant. The data reveal that the Q2-dependence
of nuclear shadowing is very weak (Section 3.3.1). This suggests that high-mass hadronic
components of the photon which dominate the measured nuclear shadowing at Q2 > 1
GeV2, interact strongly with the target, just like ordinary hadrons. The following section
gives a schematic view of the scales involved, as outlined in Ref.[159].
5.2 Sizes, scales and shadowing
Consider DIS at small x in the lab frame. In this frame of reference the important feature
is the nuclear interaction of hadronic fluctuations of the virtual photon (see Section 4).
Since the photon and its hadronic configurations carry high energy, the transverse separa-
tions and longitudinal momenta of their quark and gluon constituents are approximately
conserved during the scattering process. These hadronic configurations can be classified as
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“small” or “large”, depending on their transverse extension. “Large” configurations have
hadronic sizes of order Λ−1QCD ∼ 1 fm, whereas “small” configurations are characterized by
sizes which scale as Q−1.
The contribution of a given hadronic fluctuation, h, to the photon-nucleon interaction
cross section is determined by its probability weight wγ∗h in the photon wave function,
multiplied by its cross section σhN. The virtual photon-nucleon cross section is:
σγ∗N =
∑
h
wγ∗h σhN. (5.25)
The coherent interaction of the virtual photon with several nucleons behaves differently.
For example, the contribution of a hadronic fluctuation to double scattering, which dom-
inates shadowing, is proportional to its weight in the photon wave function multiplied
by the square of its interaction cross section. The double scattering correction to virtual
photon-nucleus scattering is:
σ
(2)
γ∗A ∼
∑
h
wγ∗h (σhN)
2. (5.26)
Now, the probability to find a quark-gluon configuration of large size is suppressed (up to
possible logarithmic terms) by Λ2QCD/Q
2 as compared to configurations with small trans-
verse sizes. On the other hand the interaction cross sections of hadronic fluctuations are
proportional to their squared transverse radii. These properties and their consequences
for the cross sections in Eqs.(5.25) and (5.26) are summarized in Table 2. For the scatter-
fluctuation h wγ∗h σhN wγ∗h σhN wγ∗h (σhN)
2
small size 1 1/Q2 1/Q2 1/Q4
large size Λ2QCD/Q
2 1/Λ2QCD 1/Q
2 1/(Λ2QCDQ
2)
Table 2
Relative contributions of small- and large-size hadronic components of a virtual photon to DIS
and shadowing at large Q2 [159].
ing from individual nucleons one finds that both, large- and small-size configurations give
leading contributions ∼ 1/Q2 to the photon-nucleon cross section (5.25). On the other
hand contributions from small-size components to the shadowing correction σ
(2)
γ∗A are sup-
pressed by an additional power 1/Q2 as compared to large-size configurations (apart from
contributions related to diffractive production from the whole nucleus, not considered in
this schematic picture).
In view of these scale considerations, we can now understand some of the previously
mentioned empirical facts which, on first sight, seemed unrelated:
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• Nuclear shadowing varies only weakly with Q2.
• The energy dependence of nuclear shadowing for x <∼ 0.01, as measured with fixed
target experiments at CERN and FNAL, is reminiscent of hadron-nucleus collisions.
These features follow from the fact that, to leading order in Q2, shadowing is primarily
determined by the interaction of large-size hadronic fluctuations of the exchanged photon,
even at large Q2. These hadronic configurations are expected to interact like ordinary
hadrons.
Note, those observations can be applied to diffraction as well as to shadowing, given
that the two phenomena are closely connected as established in the previous sections:
diffraction is also a scaling effect, i.e. it survives at large Q2. Its energy dependence is
expected to behave similarly as in hadron collisions. (For limitations to this simple picture
see Sections 5.3 and 8.2.)
5.3 Nuclear shadowing and parton configurations of the photon
The results of the previous sections are eludicated by making contact with the underlying
basic QCD and the parton structure of the virtual photon. The photon wave function can
be decomposed in a Fock space expansion,
|γ〉 = c0|γ0〉+ cqq¯|qq¯〉+ cqq¯g|qq¯g〉+ . . . , (5.27)
in terms of a “bare” photon state |γ0〉 and partonic (quark-antiquark and gluonic) com-
ponents. At large Q2 the minimal Fock component |qq¯〉 dominates the hadronic part of
|γ〉, higher Fock states enter with powers of the strong coupling αs. Let us now have a
closer look at this minimal Fock component.
Consider a virtual photon of four-momentum qµ = (ν, q), with q = (0, 0, q3) and q3 > 0
defining the longitudinal direction, and Q2 = −q2. Let this photon split into a quark-
antiquark pair as sketched in Fig.5.6. The quark has a four-momentum kµ = (k0,k) with
k = (k⊥, k3). The fraction of the photon light-cone momentum carried by the quark is
ξ =
k+
q+
=
k0 + k3
ν + q3
. (5.28)
The momentum fraction of the antiquark with k¯µ = qµ − kµ is obviously 1− ξ.
For the longitudinally polarized photon, the wave function of its minimal qq¯ fluctuation
in momentum space is proportional to the longitudinal component of the quark pair
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Fig. 5.6. Decomposition of a virtual photon into a quark-antiquark pair at large Q2.
current, multiplied by its propagator
[
Q2 +
m2q+k
2
⊥
ξ(1−ξ)
]−1
where mq is the quark mass [160].
The quantity
M2X =
m2q + k
2
⊥
ξ(1− ξ) (5.29)
can be interpreted as the squared effective mass of the propagating qq¯ pair.
It is useful to perform the two-dimensional Fourier transform with respect to the transverse
quark momentum k⊥ conjugate to the transverse separation b of the qq¯ pair. Neglecting
the quark mass at large Q2 and using generically one single quark flavor, the squared wave
function of the qq¯ component coupled to the longitudinally polarized photon becomes
[161,162,163]:
∣∣∣ψLqq¯(b, ξ;Q2)∣∣∣2 = 6απ2 Q2ξ2(1− ξ)2K20
(
bQ
√
ξ(1− ξ)
)
, (5.30)
where Kn denotes modified Bessel functions. The γ
∗ → qq¯ coupling is proportional to the
fine structure constant α ≃ 1/137. The corresponding result for a virtual photon with
transverse polarization is:
∣∣∣ψTqq¯(b, ξ;Q2)∣∣∣2 = 3α2π2 Q2ξ(1− ξ)
(
ξ2 + (1− ξ)2
)
K21
(
bQ
√
ξ(1− ξ)
)
. (5.31)
Consider now DIS from a free nucleon at small Bjorken-x and large Q2. At the high
energies involved the photon in the laboratory frame acts like a beam of qq¯ pairs, and one
can write the cross section for the longitudinally or transversely polarized virtual photon
with the nucleon in the form [162,164]
σL,Tγ∗N =
∫
d2b
1∫
0
dξ
∣∣∣ψL,Tqq¯ (b, ξ)∣∣∣2 σqq¯N(b, x), (5.32)
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Fig. 5.7. Short distance interaction of a color singlet quark-antiquark pair with a nucleon through
two-gluon exchange.
using the wave functions of the leading qq¯ fluctuations. These wave functions as well as
the qq¯-nucleon cross section σqq¯N depend on the transverse separation b of the quark pair.
Since the modified Bessel functions in Eqs.(5.30, 5.31) drop as K1,0(y) → e−y at large
y, the wave functions ψL,Tqq¯ receive their dominant contributions from configurations with
transverse size
b2 ∼ 1
Q2 ξ (1− ξ) . (5.33)
Consequently, qq¯ configurations at large Q2 with comparable momenta of the quark and
antiquark, ξ ∼ 1−ξ ∼ 1/2, have small transverse size, b2 ∼ 1/k2⊥ ∼ 1/Q2, or equivalently,
large transverse momentum. The interaction of these “non-aligned” configurations with
the nucleon is therefore determined by the short transverse distance behavior of the cross
section σqq¯N which can be calculated using perturbative QCD. The reasoning goes as
follows. At largeQ2 the leading mechanism responsible for the short distance interaction of
the qq¯ pair with the nucleon is two-gluon exchange (see Fig.5.7). The (color singlet) qq¯ pair
acts as a color dipole. Its interaction strength with the nucleon or any other (color singlet)
hadron is determined by the squared color dipole moment, hence σqq¯N is proportional to
b2 for small transverse separations b. In the leading-logarithmic approximation valid at
large Q2 one derives [164,165]
σqq¯N(b, x) =
π2
3
αs(Q
2) b2 x gN(x,Q
2), (5.34)
with the strong coupling constant αs. The Q
2 scale in (5.34) is set by Q2 ∼ 1/b2. All
non-perturbative effects are incorporated in the gluon distribution gN(x,Q
2) of the target
nucleon.
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Small qq¯ configurations interact only weakly according to Eq.(5.34). This is the case for
the kinematic conditions realized in fixed target experiments at CERN and FNAL (see
Sections 2.6.1 and 3.3.1). The situation is different at x ≪ 0.1 and Q2 ≫ 1GeV2, the
extreme region accessible at HERA. Here the strong increase of the nucleon structure
function FN2 at very small x is accompanied by a correspondingly strong increase of the
gluon distribution function. The gluon density becomes so large with decreasing x that,
even for small b2 ∼ 1/Q2, the cross section σqq¯N can eventually reach magnitudes typical
for ordinary hadrons [166].
If either the quark or the antiquark becomes soft (that is: if either the momentum fraction
ξ or 1−ξ tends to zero), large qq¯ separations contribute to the wave functions (5.30, 5.31).
In this limit perturbative QCD is not applicable. The interaction cross section for such
large-size configurations with small transverse momentum is supposed to be similar to
typical hadron-nucleon cross sections [167].
A detailed analysis of the “transverse” wave function (5.31) shows that both “small”
(non-aligned) and “large” quark-antiquark configurations give leading 1/Q2 contributions
to the transverse photon-nucleon cross section in accordance with our previous discussion.
The situation is different for longitudinally polarized photons (see e.g. (5.30)). In this case
the contributions from “soft” quarks (with ξ → 0 or 1 − ξ → 0) are suppressed as 1/Q4
so that, to leading order in the strong coupling αs, only small size qq¯ pairs contribute
to σLγ∗N. At next to leading order in αs, the Fock expansion (5.27) introduces quark-
antiquark-gluon states. Large size qq¯g configurations are now important, and they are not
suppressed by additional powers of 1/Q2 [168].
At small momentum transfers, Q2 <∼ 1GeV2, configurations of large size dominate the qq¯
wave function. Strong interactions between quark and antiquark now lead to the formation
of soft hadronic fluctuations including vector mesons and multi-pion states. Consequently,
photon-nucleon cross sections at small x and small Q2 receive important contributions
from the low mass vector mesons. For example, at Q2 ≃ 0.5 GeV2 almost half of the
measured nucleon structure function FN2 comes from ρ, ω and φ mesons according to the
calculation in Ref.[169].
So far we have focused this discussion on free nucleons. Similar considerations apply to
deep-inelastic scattering from nuclei which involves the interaction of hadronic compo-
nents of the virtual photon with the nuclear many-body system. To leading order in αs
the photon-nucleus cross sections are now obtained from Eq.(5.32) replacing σqq¯N by the
corresponding qq¯-nucleus cross section σqq¯A. The cross section σhA of any hadronic fluc-
tuation h interacting with a nucleus at high energies, can be related to the cross section
for the scattering from free nucleons by the Glauber-Gribov multiple scattering formalism
[149,150]. For a Gaussian nuclear density (5.20) this leads to:
σhA ≈ AσhN
[
1− σhN 3
16π
A− 1
〈r2〉A exp
(
−〈r
2〉A
3 λ2
)
+ . . .
]
, (5.35)
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where λ is the propagation length associated with the hadronic fluctuation. Double scat-
tering gives a negative correction proportional to the squared cross section of the hadronic
fluctuation. Only those hadronic configurations with large interaction cross sections con-
tribute significantly to shadowing. Furthermore, since the nuclear mean square radius
behaves approximately as 〈r2〉A ∼ A2/3, the magnitude of the double scattering correc-
tion grows for large nuclei with the radius of the target, i.e. proportional to A1/3. The
exponential in (5.35) ensures that only hadronic fluctuations with propagation lengths λ
larger than the target dimension contribute significantly to shadowing. For small-sized
fluctuations, interesting effects beyond those covered by Eq.(5.35) arise from diffractive
production on the whole nucleus.
In accordance with our discussion in the previous section we can conclude:
i) In the fixed target experiments at CERN and FNAL, where small values of x < 0.01 are
accessible only at small average momentum transfers, Q 2 <∼ 1 GeV2, nuclear shadowing
is governed by interactions of configurations with large transverse sizes. Contributions
from the vector mesons ρ, ω and φ turn out to be particularly important.
ii) At very small x together with very large Q2, the growing number of partons in the
photon-nucleus system makes them interact like ordinary hadrons, even if the parton
configurations have small transverse sizes inversely proportional to Q2. One now expects
a complex interplay between soft (large-size) and hard (small-size) partonic components
of the interacting photon which can no longer be classified by simple book-keeping in
powers of 1/Q2.
5.4 Models
In the following we sketch several models which have been used quite successfully to
describe nuclear shadowing as measured in experiments at CERN and FNAL. As before
we restrict ourselves to lab-frame descriptions. We do not aim for completeness but rather
emphasize common features of various models and their implications for the underlying
mechanism of nuclear shadowing.
5.4.1 Vector mesons and aligned jets
As discussed in Section 5.3, the quark-antiquark fluctuation of a virtual photon starts out
with a transverse size b2 ∼ [Q2ξ(1− ξ)]−1 where ξ is the fraction of longitudinal photon
momentum carried by one of the quarks. “Non-Aligned” qq¯ configurations with ξ ≃ 1/2
have small transverse size and interact weakly; “aligned” ones with ξ ∼ 0 or ξ ∼ 1 have
large transverse size and are likely, by subsequent strong interactions, to turn into vector
mesons if the qq¯ invariant mass matches appropriately.
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Models which combine aspects of vector meson dominance and the aligned-jet picture
[167] are described in Refs.[169,170]. Their starting point is the hadronic spectrum of the
virtual photon exchanged in the deep-inelastic scattering process. The spectral function,
Π(s), is determined by the cross section for electron-positron annihilation into hadrons,
where s = q2 is the squared photon or e+e− center-of-mass energy:
Π(s) =
1
12 π2
σe+e−→hadrons(s)
σe+e−→µ+µ−(s)
, (5.36)
with
Π(q2) = − 1
3 q2
∑
X
(2π)3δ4(q − pX) 〈0| Jµ(0) |X〉 〈X| Jµ(0) |0〉 . (5.37)
Here Jµ is the electromagnetic current operator. The sum in Eq.(5.37) is taken over all
hadronic fluctuations of the photon with four-momenta pX = q and squared invariant
masses µ2 ≡ p2X = q2. At small center-of-mass energies, s <∼ 1GeV2, the spectrum (5.37)
is dominated by the vector mesons ρ, ω and φ as shown in Fig.5.8. The high energy
spectrum at s > 1 GeV2 is characterized by quark-antiquark continuum plateaus together
with isolated charmonium and upsilon resonances.
The lab frame space-time pattern of deep-inelastic scattering (Section 4) suggests that
the nucleon structure function at small x can be described by the following expression
[149,170]:
FN2 (x,Q
2) =
Q2
π
µ2max∫
4m2pi
dµ2
µ2Π(µ2)
(µ2 +Q2)2
1∫
0
dξ σhN(W,µ
2; ξ) . (5.38)
The basic idea behind this ansatz is the following. For x ≪ 1, or large lab frame
propagation length λ ∼ 2ν/(Q2 + µ2) of a given qq¯ fluctuation of mass µ, the vac-
uum spectrum Π(µ2) remains more or less unaffected by the presence of the target
nucleon. The high-energy virtual photon with ν ≫ Q2/2M behaves like a beam of
hadrons with masses µ < µmax. Their maximum possible mass is determined by the
condition that λ must exceed the size R ≃ 5M−1 of the target nucleon, so that (roughly)
µmax ∼
√
νM . The interaction of this beam with the nucleon is described by the cross
section σhN which depends on µ
2 and on the hadron/photon-nucleon center-of-mass en-
ergy W =
√
2Mν +M2 −Q2 ≃ √2Mν = Q/√x. For a qq¯ pair treated to leading order
in αs, it also depends on the fraction ξ of the photon light-cone momentum carried by the
quark. The sum in Eq.(5.38) is taken over hadronic fluctuations of the photon with fixed
invariant mass. The ansatz neglects contributions to the forward virtual photon scattering
amplitude in which the mass µ can change during the interaction.
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Fig. 5.8. Cross section σe+e−→hadrons/σe+e−→µ+µ− .
The small-x structure function FN2 (x,Q
2) as given in Eq.(5.38) is governed by contri-
butions from intermediate hadronic states with an invariant mass µ2 ∼ Q2. For small
momentum transfers, Q2 <∼ 1GeV2, low mass vector mesons ρ, ω and φ are of major
importance. Their dominance leads to the scale breaking behavior FN2 (x,Q
2) ∼ Q2 for
Q2 → 0 at small x.
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Fig. 5.9. The nucleon structure function FN2 for small x plotted against Q
2. The full line has
been obtained in Ref.[169] from Eq.(5.38). The dashed line indicates the contribution of the
vector mesons ρ, ω and φ. The data are from the NMC [171].
For larger momentum transfers, Q2 > m2φ ≈ 1GeV2, the structure function FN2 is de-
termined primarily by the interactions of quark-antiquark pairs from the qq¯ continuum.
The color singlet nature of hadronic fluctuations of the virtual photon implies that their
interaction cross section is proportional to their transverse size. Quark pairs with mo-
menta “aligned” along the direction of the virtual photon have a large transverse size.
Their cross sections should be comparable to typical hadronic cross sections. On the other
hand “non-aligned” quarks are characterized by small transverse size. Their cross sections
should therefore be small.
With these ingredients, Eq.(5.38) gives a good description of the free nucleon structure
function FN2 for x < 0.1 and moderate Q
2. A comparison with data from NMC is shown
in Fig.5.9. While the vector meson contribution vanishes as 1/Q2 for large Q2, the qq¯
continuum pairs are responsible for scaling, FN2 (x,Q
2) ∼ ln(Q2), at largeQ2. Note however
the importance of vector mesons at small Q2. One finds that at Q2 = 1GeV2 almost half
of FN2 at x = 0.01 is due to vector mesons. At Q
2 = 10GeV2 they still contribute about
15%. In these calculations the vector meson part of the spectrum Π(µ2) is [25]:
Π(V)(µ2) =
(
mV
gV
)2
δ(µ2 −m2V ) (5.39)
with V = ρ, ω, φ, the empirical vector meson masses mV and the coupling constants gρ =
70
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
Fig. 5.10. Results from Ref.[169] for the shadowing in He, Li, C, and Ca compared to experimental
data from NMC (dots and squares) [71,75] and FNAL (triangles) [77]. The dashed curves show
the shadowing caused by the vector mesons ρ, ω and φ only, the solid curves are the results
including the qq¯ continuum.
5.0, gω = 17.0 and gφ = 12.9. The vector meson-nucleon cross sections are σρN ≈ σωN ≈ 25
mb, σφN ≈ 10 mb.
Nuclear structure functions FA2 for x < 0.1 are expressed in an analogous way as in
Eq.(5.38), with the hadron-nucleon cross sections σhN replaced by the corresponding
hadron-nucleus cross sections σhA. The relation between σhA and σhN is given by Glauber-
Gribov multiple scattering theory, see Eq.(5.35). In Fig.5.10 we present typical results for
the shadowing ratio 5 RA = F
A
2 /F
N
2 from Ref.[169].
Finally we comment on the observed weak Q2-dependence of the shadowing effect. In
5 It is common practice to normalize FA2 such that it represents the nuclear structure function
per nucleon.
71
Fig. 5.11. The slope b = d(F Sn2 /F
C
2 )/d lnQ
2 indicating the Q2 dependence of the shadowing
ratio Sn/C. The calculation is described in [169]. Data are taken from [82].
the spectral ansatz (5.38) the given value of Q2 selects that part of the hadron mass
spectrum around µ2 ∼ Q2 which dominates the interaction, and hence determines which
cross sections σhN(µ
2) contribute significantly to the multiple scattering series. While the
interaction cross sections decrease as 1/µ2 with increasing mass as required by Bjorken
scaling, pairs which are aligned with the photon momentum interact with large cross
sections, even for large µ, and therefore produce strong shadowing. This is the reason for
the very weak overall Q2-dependence of shadowing in this framework. A comparison of
results from Ref.[169] with NMC data for the slope b of the ratio F Sn2 /F
C
2 ≈ a + b lnQ2
is presented in Fig.5.11. For a more detailed discussion of these issues including QCD
corrections, see Ref.[1].
5.4.2 Vector meson dominance and pomeron exchange
As indicated in Eqs.(5.11,5.18), nuclear shadowing is directly related to the diffractive pro-
duction cross section dσdiffγ∗N /dM
2
X dt or, equivalently, to the diffractive structure function
F
D(4)
2 .
Diffractive production at Q2 <∼ 1GeV2 is dominated by the excitation of the vector
mesons ρ, ω and φ. Their contributions can be described within the framework of vector
meson dominance (see e.g. [25]). Neglecting transitions between different vector mesons
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Fig. 5.12. Shadowing in Xe. Details of the calculation are given in Ref.[154]. The dashed curve
shows the contribution of vector mesons ρ, ω and φ, while the solid curve includes pomeron
exchange. The data are from the E665 collaboration [76].
and omitting contributions from longitudinally polarized virtual photons one finds:
dσ
diff (V)
γ∗N
dM2Xdt
∣∣∣∣∣∣
t≈0
=
α
4
Π(V)(M2X)M
2
X
(Q2 +M2X)
2
σ2XN . (5.40)
Here the vector meson part (5.39) of the photon spectral function enters. Combining
Eqs.(5.18,5.40) shows that the contribution of vector mesons to nuclear shadowing van-
ishes indeed as 1/Q2.
The diffractive excitation of heavy mass states is commonly parametrized according to the
Regge ansatz as in Eq.(2.67). Most descriptions concentrate on the dominant contribution
from pomeron exchange. The pomeron structure function F IP2 is modeled in agreement
with available data on diffraction. At large Q2 it is supposed to scale, i.e. it depends
at most logarithmically on Q2. This leads to scaling for nuclear shadowing at large Q2.
On the other hand, at Q2 ≪ 1GeV2 one assumes F IP2 ∼ Q2 [172] which ensures that
the shadowing correction to the nuclear structure function, δFA2 , vanishes at Q
2 = 0,
just like FA2 itself. Investigations of shadowing effects along theses lines can be found in
[154,172,173,174,175,176]. In Fig.5.12 a typical result for shadowing in Xe from [154] is
shown.
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5.4.3 Generalized vector meson dominance
Generalized vector meson dominance models describe deep-inelastic lepton scattering at
small x purely in terms of hadronic degrees of freedom [177,178,179,180,181,182,183,184,185].
For a free nucleon this leads to the following picture: prior to its interaction with the target
the virtual photon fluctuates into a hadronic state with invariant mass µ. This fluctuation
scatters from the target and converts into a hadronic state with mass µ′. For transversely
polarized photons this translates into a forward Compton amplitude of the form:
ATγ∗N(W,Q2) ∼
∫
d µ2
∫
dµ′
2 ρ(µ, µ
′;W )
(µ2 +Q2)(µ′2 +Q2)
, (5.41)
with a double spectral distribution ρ depending on the photon-nucleon center-of-mass
energy W . Here the integrals over initial and final hadronic fluctuations and their propa-
gators are made explicit.
The continuum of hadronic intermediate states which determines the double spectral
function ρ(µ, µ′;W ) is commonly approximated by a discrete set of narrow vector meson
states Vn (n = 1, 2, . . .). The resulting transverse photon-nucleon cross section is:
σTγ∗N =
∑
n,m
e
gm
M2m
M2m +Q
2
Σmn(W )
M2n
M2n +Q
2
e
gn
. (5.42)
In Refs.[180,184] the vector mesons are assumed to be equally spaced in mass, starting
with the ρ-meson. The photon-vector meson couplings gn are chosen to reproduce average
scaling in e+e− annihilation into hadrons (see Fig.5.8). Σmn denotes the imaginary part
of the vector meson-nucleon transition amplitude, VmN→ VnN, in the forward direction.
For diagonal terms it is equal to the total Vn-nucleon cross section, Σnn = σ(VnN), which
is taken to be constant.
The next step in simplification is to consider only diagonal (m = n) and nearest off-
diagonal (m = n± 1) contributions. A fine-tuned cancelation between the corresponding
amplitudes Σmn leads to a reasonable description of the nucleon structure function F
N
2 at
moderate momentum transfers Q2.
An extension of this approach to nuclear targets involves multiple scattering of hadronic
fluctuations from several nucleons. The multiple scattering process is described by a cou-
pled channel optical model [179,184] which accounts for the shadowing criteria in Eq.(5.2),
i.e. only those hadronic fluctuations with longitudinal interaction lengths larger than their
mean free path in the nuclear medium contribute significantly to multiple scattering and
thus to shadowing.
GVMD calculations applied to nuclear DIS data can be found in Refs.[186,187].
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5.4.4 Vector mesons and quark scattering
We add a few remarks and references about approaches dealing with DIS in terms of
quark dynamics.
The starting point in Ref.[188] is a description of DIS from nucleons at large Q2 and small
x in terms of quark-nucleon scattering [189]. The quark-nucleon scattering amplitude is
formulated using Regge phenomenology and constrained by the quark distributions of
free nucleons. The interaction strength of quark-nucleon scattering is determined by the
quark-nucleon cross section, taken to be about 1/3 of the nucleon-nucleon cross section.
At center of mass energies s ∼ 200 GeV2 one finds σqN ≈ 13 mb [190].
An extension to DIS from nuclei at small x involves the quark-nucleus scattering am-
plitude. Its connection with the amplitude for the scattering from free nucleons is given
through the Glauber-Gribov multiple scattering series.
In Ref.[190] the interactions of strongly correlated quark-antiquark pairs, i.e. vector mesons,
have been added. One finds that vector mesons carry more than half of the shadowing
effect measured at E665 and NMC. On the other hand, the interaction of uncorrelated
quarks is also important to ensure a weak Q2-dependence of shadowing.
5.4.5 Green function methods
The previously mentioned models have outlined in different ways the ingredients needed
in order to understand the physics of shadowing: the mass spectrum of quark-gluon fluctu-
ations of the virtual photon, and the dynamics of the expanding and strongly interacting
quark-gluon configurations in the surrounding nuclear system. In most of the models
the longitudinal propagation of hadronic fluctuations of the photon is treated by multiple
scattering theory, while the transverse degrees of freedom are more or less “frozen” during
the passage through the nucleus. Several questions are faced in this context. The trans-
verse size of quark-gluon fluctuations needs to be connected with their effective mass;
the relationship with diffractive production must be elucidated; higher order terms in the
multiple scattering series must be systematically incorporated, at least for heavy nuclei.
A coordinate space Green function method which permits to unify all those aspects has
been developed in Refs.[191,192]. This work considers only quark-antiquark fluctuations of
the photon. It turns out that some previous approximations can be recovered as limiting
cases. We follow Ref.[191] and give here a brief summary of the essentials.
Consider the scattering of a virtual photon with high energy ν and large squared four-
momentum, Q2 > 1 GeV2, through a nucleus as illustrated in Fig.5.13. The longitudinal
(z-) direction is defined by the photon three-momentum, as usual. At point z1 the photon
produces a quark-antiquark pair with transverse separation b1. Along its passage to point
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Fig. 5.13. Propagation of a quark-antiquark fluctuation of the virtual photon γ∗ between points
z1 and z2 where the pair has transverse separation b1 and b2. The Green function G(b2, z2; b1, z1)
sums all possible paths of the pair through the nucleus.
z2 where it has a transverse separation b2, the qq¯ fluctuation experiences multiple inter-
actions with nucleons in the nuclear target. We are interested in the full Green function
G(b2, z2; b1, z1) which describes the propagation of the qq¯ pair from z1 to z2, including its
dynamics in the transverse space coordinate.
This Green function enters in the shadowing part of the γ∗-nucleus cross section, as follows.
One writes:
δσγ∗A(x,Q
2)≡σγ∗A(x,Q2)−Aσγ∗N(x,Q2)
=−2
∫
d2b
∞∫
−∞
dz1 ρA(b, z1)
∞∫
z1
dz2 ρA(b, z2)W (z2, z1). (5.43)
The quantity W (z2, z1) has dimension (length)
4 and describes the production of a qq¯
fluctuation in the process γ∗N→ qq¯N, its propagation from z1 to z2, and its subsequent
conversion back to a virtual photon:
W (z2, z1) = Re
∫
d2b1
∫
d2b2
1∫
0
dξF∗(b2, ξ)G(b2, z2; b1, z1)F(b1, ξ) eiκ(z2−z1). (5.44)
It involves the amplitude
F(b, ξ) = 1
2
ψγ∗→qq¯(b, ξ) σ(b) (5.45)
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for the γ∗N → qq¯N process leading to a qq¯ pair of transverse separation b in which the
quark carries the fraction ξ of the photon light cone momentum (see also Section 5.3).
The color dipole cross section σ(b) has the characteristic color screening behavior, i.e. it
vanishes as b2 at b→ 0 (see also Eq.(5.34)), and the distribution of transverse separations
is determined by the amplitude ψγ∗→qq¯. The normalization of F is such that its Fourier
transform gives the γ∗N→ qq¯N diffractive dissociation amplitude,
f(k⊥) =
∫
d2bF(b, ξ)eik⊥·b, (5.46)
in plane wave impulse approximation. The phase factor eiκ(z2−z1) involves the characteristic
wave number of the qq¯ fluctuation:
κ =
Q2 ξ(1− ξ) +m2q
2ν ξ(1− ξ) (5.47)
where mq is the (constituent) quark mass. For ξ = 1/2 the resulting κ =
Q2+4m2q
2ν
≡ λ−1
is just the inverse coherence length of a quark and antiquark which travel side by side.
(For arbitrary ξ this coherence length includes the transverse momentum, λ−1 = κ +
k⊥/[2ν ξ(1− ξ)].)
Let us now return to the propagation function G. It satisfies a wave equation [191] which
can be made plausible by the following considerations. The longitudinal motion along the
z-axis is equivalent to the time evolution of the qq¯ fluctuation, represented by the operator
i ∂
∂z2
. The transverse dynamics has a kinetic term,
tkin = − ∇
2
b2
2νξ(1− ξ) (5.48)
with the 2-dimensional Laplacian acting on the transverse separation coordinate b2, and
the denominator reflecting the effective mass of the pair. Interactions of the qq¯ pair with
the nuclear medium at an impact parameter b are introduced by an absorptive term,
v(b2, b) = − i
2
σ(b2)ρA(b, z2). (5.49)
The wave equation for G is then of the generic form i∂ G/∂z = (tkin + v)G or, more
precisely,[
i
∂
∂z2
+
∇
2
b2
2ν ξ(1− ξ) +
i
2
σ(b2) ρA(b, z2)
]
G(b2, z2; b1, z1) = 0 (5.50)
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with the initial condition G(b2, z1; b1, z1) = δ
2(b2 − b1). One can now discuss several
interesting limits:
i) The “frozen” limit
Take the energy ν → ∞ so that the kinetic term (5.48) vanishes (with some extra care
required at the kinematic corners, ξ = 0 and ξ = 1). Then
G(b2, z2; b1, z1) = δ
2(b2 − b1) exp
−σ(b2)
2
z2∫
z1
dz ρA(b1, z)
 . (5.51)
Inserting this expression into Eqs.(5.44,5.43) with λ→∞ one finds:
σγ∗A=2
∫
d2b
∫
d2bqq¯
1∫
0
dξ |ψγ∗→qq¯(bqq¯, ξ)|2
1− exp
−σ(bqq¯)
2
∞∫
−∞
dz ρA(b, z)


(5.52)
and recovers the shadowing correction δσγ∗A as in Glauber-Gribov multiple scattering the-
ory by expanding the exponential. Note the difference compared to the standard Glauber
eikonal approximation where the cross section σ(bqq¯) is averaged in the exponent.
ii) No absorption
Take the limit σ → 0 in the wave equation (5.50). Then G reduces to the free Green
function of the qq¯ pair,
G(b2, z2; b1, z1) =
1
2π
∫
d2k⊥ exp
[
ik⊥ ·(b2 − b1) + ik
2
⊥(z2 − z1)
2ν ξ(1− ξ)
]
. (5.53)
Inserting this into Eq.(5.44) and using the diffractive dissociation amplitude (5.46) one
finds
W (z1, z2) =
1
2π
1∫
0
dξ
∫
d2k⊥ |f(k⊥)|2 cos
[
Q2ξ(1− ξ) +m2q + k2⊥
2νξ(1− ξ) (z2 − z1)
]
. (5.54)
We identify the squared effective mass, M2X = (m
2
q + k
2
⊥)/ξ(1 − ξ), of the qq¯ pair as in
Eq.(5.29) and introduce its coherence length λ = 2ν/(Q2 +M2X). Inserting Eq.(5.54) into
Eq.(5.43) one then recovers the double scattering result, Eq.(5.17), with the factorized
two-body density ρ
(2)
A (b, z1; b, z2) = ρA(b, z1) ρA(b, z2). It is now also apparent how the
additional absorption factor in Eq.(5.18) is obtained, introducing an average cross section
σXN in the exponent.
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iii) Propagation in uniform nuclear matter
Assume that the qq¯ pair moves in a nuclear medium of uniform density ρA(b, z) = ρ0 =
const. (ρ0 = 0.17 fm
−3 for normal nuclear matter). Suppose that the color dipole cross
section is approximated by
σ(bqq¯) = c b
2
qq¯ (5.55)
with a constant parameter c. In this case the wave equation (5.50) reduces to[
i
∂
∂z2
+
∇
2
b2
2ν ξ(1− ξ) +
ic
2
ρ0 b
2
2
]
G(b2, z2; b1, z1) = 0. (5.56)
This is formally reminiscent of the Schro¨dinger equation for a harmonic oscillator with
complex frequency. One finds [191]
G(b2, z2; b1, 0) =
a
2π sinh(ωz)
exp
{
−a
2
[
(b21 + b
2
2) coth(ωz)−
2b1 · b2
sinh(ωz)
]}
, (5.57)
with
ω2 =
(
c ρ0
a
)2
= i
c ρ0
νξ(1− ξ) . (5.58)
This is a convenient approximation to account for multiple scattering and absorption of
the qq¯ fluctuation, still keeping track of its transverse dynamics during its passage through
the nuclear medium. Instructive results are discussed in Ref.[191].
5.4.6 Meson exchange and shadowing
Up to now we have concentrated on diffractive contributions to nuclear shadowing, in
which the nucleons interacting with the virtual photon are left unchanged. The coherent
interaction of the photon with several nucleons in the target nucleus can also involve
non-diffractive processes, in particular, reactions in which nucleons change their charge.
These are commonly described by the exchange of mesons and sub-leading Reggeons.
Modifications to nuclear structure functions at small x through meson exchange have been
investigated in Refs.[193,194] for deuterium. In this work significant effects come from the
interaction of the virtual photon with pions emitted from the target proton or neutron.
Here, as in diffraction, a hadronic state X is produced which subsequently re-scatters from
the second nucleon. Contributions from the exchange of other mesons, e.g. ρ and ω, turn
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out to be negligible. For the double scattering contribution through pion exchange one
finds in analogy with Eq.(5.11):
δσpiγ∗d =
2
π
∫
d2k⊥
W 2∫
4m2pi
dM2X S
pi
d (k)
d2σpiγ∗N
dM2Xdt
. (5.59)
Here d2σpiγ∗N/dM
2
Xdt is the cross section for the semi-inclusive production of a hadronic
state with invariant mass MX from a proton or neutron via pion exchange. The form
factor in Eq.(5.59) accounts for the spin-dependent response of the deuteron:
Spid (k) =
1
3
∑
m
∫
d3P ψm†d (P )σp · kˆ σn · kˆψmd (P − k), (5.60)
where k is the pion momentum and kˆ = k/|k|. The momentum-space wave function of
the deuteron with polarization m is denoted by ψmd . Furthermore the non-relativistic form
of the pion-nucleon coupling is used [195]. Note that the energy of the exchanged pion is
determined by k0 =Md−
√
M2 + P 2−
√
M2 − (P − k)2, where P is the momentum of the
parent nucleon. We denote the pion four-momentum by k = (k0,k). For the longitudinal
pion momentum one has k3 ≈ yM with the pion light-cone momentum fraction y =
k · q/P · q, and we introduce t = k2 along with the usual Bjorken-x.
It is common to factorize the semi-inclusive differential cross section:
d2σpiγ∗N
dydt
(x,Q2; y, t) = fpi/N(y, t) σγ∗pi(x/y,Q
2). (5.61)
Here the photon-pion cross section is related to the structure function of the pion by
F pi2 (x,Q
2) = (Q2/4π2α) σγ∗pi(x,Q
2), and the pion distribution function in the nucleon is
given by:
fpi/N(y, t) =
3g2piNN
16π2
|FpiNN(t)|2 (−t)
(t−m2pi)2
y, (5.62)
with the pion-nucleon coupling constant gpiNN and the πNN form factor FpiNN normalized
to unity for on-mass-shell pions, i.e. FpiNN = 1 for t = k2 = m2pi.
For practical calculations the pion structure function has been approximated by that of
the free pion, as parametrized in [196,197] in accordance with Drell-Yan leptoproduction
data. Here, however, only the region x > 0.1 has been measured. An extraction of the pion
structure function at small x from semi-exclusive reactions at HERA has been discussed
recently in [198,199].
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The resulting pionic correction δσpiγ∗d to double scattering turns out to be positive, i.e.
it causes “anti-shadowing”. The relative weight of δσpiγ∗d decreases with decreasing x. At
typical values Q2 = 4GeV2 and 0.001 < x < 0.1 it amounts to around 30% of the overall
shadowing correction [193]. In Ref.[194] the pion correction δσpiγ∗d has been found to be
negligible at largeQ2 >∼ 10 GeV2. Note however that the quoted results depend sensitively
on the yet unknown pion structure function at small x, the deuteron wave function and
the choice for the pion-nucleon form factor.
5.4.7 Discussion
The models sketched above give quite reasonable descriptions of the data on nuclear shad-
owing measured at CERN and FNAL. All of them support the general observation that
nuclear shadowing as measured by NMC [71,75,79,80,81,82,200] and E665 [76,77,78,91] at
small x < 0.01 receives major contributions from the coherent interaction of the vector
mesons ρ, ω and φ. In fact those experiments are performed at small average momentum
transfers Q
2 <∼ 1 GeV2. On the other hand, the observed weak Q2-dependence of the
shadowing effect originates from the coherent interaction of strongly interacting quark-
antiquark fluctuations with large masses, MX > 1 GeV.
5.5 Interpretation of nuclear shadowing in the infinite momentum frame
In this section we briefly discuss how nuclear shadowing develops in the infinite momentum
frame where the parton model for deep-inelastic scattering can be applied. We found in
Section 4.6 that, in this frame, the wave functions of partons from different nucleons in
the nucleus start to overlap for x < 0.1. One then expects that the interaction of partons
belonging to different nucleons increases. Shadowing at small x < 0.1 is supposed to be
due to the fusion or recombination of partons from different nucleons, thereby effectively
reducing the quark distributions of each nucleon. At the same time parton fusion leads to
an enhancement of partons at x > 0.1. In Ref.[201] modifications of parton distributions
due to parton fusion have been derived and found to be proportional to 1/Q2. Therefore
parton fusion processes seem to be suppressed at large momentum transfers but can be
significant at low Q2.
Procedures for modeling nuclear parton distributions at small x have been proposed in
Refs.[132,201,202]. Recombination effects modify these distributions dominantly at a low
momentum scale Q20 where parton fusion is calculated and incorporated in the initial
quark and gluon distribution functions. Parton distributions at Q2 > Q20 are then derived
through the calculation of radiative QCD corrections using DGLAP evolution (see Section
2.4).
To describe the measured shadowing of the NMC and E665 collaboration a typical scale
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Q20 ≈ 0.8 GeV2 has been used in Refs.[132,202]. As a result the empirical shadowing for
FA2 can be described. It should be mentioned that the calculation of the recombination
effect within perturbation theory is certainly questionable at a low momentum scale Q20.
The results are strongly sensitive to model parameters, such as the initial scale Q20 and
the input parton distributions.
Note that the recombination effects discussed here involve parton distributions at a low
momentum scale. This “initial-state recombination” is different from the “radiative recom-
bination”, discussed in Section 8.3, which modifies the parton evolution by recombination
of radiatively produced partons.
5.6 Nuclear parton distributions at small x
Any quantitative QCD analysis of high energy processes involving nuclei requires a de-
tailed knowledge of nuclear parton distributions. In this section we outline the empirical
information on their difference with respect to quark and gluon distribution functions of
free nucleons.
Let us first focus on the nuclear gluon distribution. The Q2-dependence of deep-inelastic
structure functions at small x is dominated by gluon radiation. One can therefore extract
nuclear gluon distribution functions from a precise analysis of scaling violations of the
structure functions FA2 . In leading order perturbation theory and in the limit x≪ 0.1 the
DGLAP equations (2.39,2.40) reduce to the simple form [203]:
∂F2(x,Q
2)
∂ lnQ2
≈ αs
3π
∑
f
e2f x g(2x,Q
2). (5.63)
This relation, with further inclusion of small corrections from quark contributions, has
been used in an analysis [204] of high statistics NMC data on the Q2-dependence of the
structure function ratio F Sn2 /F
C
2 shown in Fig.3.4. The result for the corresponding ratio of
nuclear gluon distributions, gSn/gC, is shown in Fig.5.14. At x < 0.1 the gluon distribution
is shadowed, i.e. gSn/gC < 1, in a similar way as the structure function F2. This observation
is quite natural since F2 at x < 0.1 is dominated by contributions from sea quarks. The
intimate relation between sea quarks and gluons through DGLAP evolution then also
suggests shadowing for gluons.
At 0.05 < x < 0.15 an approximate 8% enhancement of nuclear gluons has been found.
This observation is in agreement with an analysis of NMC data for inelastic J/ψ-lepto-
production [110] as indicated in Fig.5.14. The enhancement of nuclear gluon distributions
around x ≃ 0.1 is consistent with the fact that the total momentum of hadrons is given by
the sum of the momenta of its parton constituents [108,127]. The empirical information
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Fig. 5.14. Results from Ref.[204] for the ratio of the Sn and carbon gluon densities, gSn(x)/gC(x),
together with the measured ratio of structure functions F Sn2 (x)/F
C
2 (x) [82]. The box represents
the extraction of the ratio of gluon distributions from J/ψ electroproduction data [110].
on this sum rule applied to quarks has been presented in Section 3.4. It implies that the
momentum carried by gluons is, within error bars, equal in nucleons and nuclei, i.e.
1∫
0
dx x gN(x,Q
2) ≈
A∫
0
dx x gA(x,Q
2). (5.64)
Consequently, shadowing of nuclear gluon distributions at small x has to be compensated
by an enhancement at larger values of x. Assuming the latter to be located in the region
0.05 < x < 0.15 leads to results similar to the ones shown in Fig.5.14 [108].
Note that the close relation between shadowing and diffraction allows to estimate gluon
shadowing using data on diffractive charm and dijet production from free nucleons. A
corresponding analysis of HERA data has been carried out in Refs.[128,129]. It suggests
significantly larger shadowing for gluons than for quarks.
Nuclear effects in valence and sea quark distributions can be further disentangled using
Drell-Yan dilepton production data [108,127]. The E772 collaboration at FNAL has found
shadowing for nuclear antiquark distributions at x < 0.1 but no enhancement as discussed
in Section 3.6.1. Combining this with the fact that the nuclear structure function ratio
FA2 /F
N
2
>∼ 1 for 0.05 < x < 0.2, one concludes that nuclear valence quarks have to be
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Fig. 5.15. Momentum-space ratios from Ref.[127] relative to the free nucleon, for gluon distri-
butions, valence quark distributions, and the F2 structure function in
40Ca at Q2 = 4 GeV2.
enhanced around x ∼ 0.1. From the baryon number sum rule
1∫
0
dx qNv (x,Q
2) =
A∫
0
dx qAv (x,Q
2) (5.65)
one then concludes that nuclear valence quark distributions, qAv , must be shadowed at
x < 0.05. Typical results from Ref.[108] are shown in Fig.5.15.
To summarize, present data on nuclear shadowing imply that all parton distributions
are shadowed at x ≪ 0.1, while only valence quarks and gluons are enhanced around
x ∼ 0.1. The kinematic range where enhancement takes place is related to processes
which involve typical longitudinal distances of 1 fm in the laboratory. This is the region
where components of the nuclear wave function with overlapping parton distributions
should be relevant. In Ref.[108] it was suggested that at such distances inter-nucleon
forces are a result of quark and gluon exchange leading to the observed enhancement. In
such a picture the enhancement of gluons should increase with the density of the nuclear
target. A 10% enhancement of glue at x ∼ 0.1 in Sn as compared to C would then imply
a 20% increase of the gluon density in Pb as compared to free nucleons [108]. This would
imply a dramatic change of gluon fields in nuclear matter at distances of 1 fm between
nucleons.
More detailed information on nuclear parton distributions is certainly needed. The shad-
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owing region – where nuclear effects are large – is of particular interest. Further constraints
on gluon shadowing from deep-inelastic scattering require data on the Q2-dependence of
nuclear structure functions at smaller values of x as indicated by Eq.(5.63). A more
quantitative separation of nuclear effects in valence and sea quark distributions could
be obtained from Drell-Yan dilepton production or neutrino scattering experiments with
high statistics. On the other hand, an extraction of nuclear parton distributions in hadron
production processes from nuclei, e.g. lepto- or hadroproduction of charmonium or open
charm (see e.g. [205,206]), is complicated by possible final state interactions and higher
twist corrections.
6 Nuclear structure functions at large Bjorken-x
Deep-inelastic scattering from nuclei probes the nuclear parton distributions. On the other
hand conventional nuclear physics works well with the concept that nuclei are composed
of interacting hadronic constituents, primarily nucleons and pions. For x > 0.2 DIS probes
longitudinal distances smaller than 1 fm (see Section 4), less than the size of individual
hadrons in nuclei. In this kinematic region, incoherent scattering from hadronic con-
stituents of the target nucleus dominates. Such processes explore the quark distributions
of nucleons bound in the nucleus.
To gain first insights suppose that the nucleus is described by nucleons moving in a mean
field. The quark substructure of bound nucleons may differ in several respects from the
quark distributions of free nucleons. First, there is a purely kinematical effect due to the
momentum distribution and binding energy of the bound nucleons. This effect rescales the
energy and momentum of the partonic constituents. To illustrate this recall that for a free
nucleon the light-cone momentum fraction of partons cannot exceed x = 1. A nucleon
bound in a nucleus carries a non-vanishing momentum which adds to the momenta of
individual partons in that nucleon. As a consequence light-cone momentum fractions up
to x = A are possible in principle, although the extreme situation in which a single
parton carries all of the nuclear momentum will of course be very highly improbable. On
the other hand intrinsic properties of bound nucleons, e.g. their size, could also change in
the nuclear environment. This may lead to additional, dynamical modifications of their
partonic structure.
6.1 Impulse approximation
Nuclei are, in many respects, dilute systems. For example, in elastic proton-nucleus scat-
tering the proton mean free path is of the order of 5− 10 fm [207], large compared to the
average distance between nucleons in nuclei. This observation has motivated the impulse
approximation which reduces the nuclear scattering process to incoherent scatterings from
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the individual nucleons (for reviews and references see [1,3,4,5,2,208]). Final state inter-
actions of the scattered hadron with the residual nuclear system are neglected at high
energy. (One should note, however, that the validity of this approximation, illustrated in
Fig.6.1, is still under debate as discussed in [1,5,190,208,209,210,211,212] and references
therein.)
Given the small average momenta of the weakly bound nucleons, their quark sub-structure
is described by structure functions similar to those of free nucleons [190,213]. For a nucleon
with momentum p these structure functions depend on the scaling variable x = Q2/2p · q
and on the squared momentum transfer Q2. However since the energies and momenta of
bound nucleons do not satisfy the energy-momentum relation of free nucleons, additional
freedom arises.
This becomes immediately obvious from the following simple kinematic consideration. In
the laboratory frame deep-inelastic scattering from a nucleon bound in a nucleus involves
the removal energy, −εn, of the struck nucleon:
εn =MA −M (n)A−1 −M. (6.1)
Here MA and M
(n)
A−1 denote the invariant masses of the initial nuclear ground state and of
the nuclear system, with a nucleon-hole state characterized by its quantum numbers n.
The energy of the interacting nucleon is then:
p0 =M + εn − TR, (6.2)
where TR = p
2/2M
(n)
A−1 is the recoil energy of the residual nuclear system. We finally
γ*
p
A
(A-1)*
k
q
Fig. 6.1. Impulse approximation for deep-inelastic scattering from nuclei at large Q2.
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obtain for the squared four-momentum of this interacting nucleon:
p2 = p20 − p2 ≃M2 + 2M(εn − TR − T ) 6=M2, (6.3)
with T = p2/2M . The squared four-momentum of the active nucleon is obviously not
restricted by its free invariant mass. It is determined by the nuclear wave function which
describes the momentum distributions of bound target nucleons as well as the mass spec-
trum of the residual nuclear system. Consequently, the structure function of a bound
nucleon can in general depend also on p2, not just on x and Q2.
6.2 Corrections from binding and Fermi motion
In the impulse approximation deep-inelastic scattering from a nucleus at large Q2 proceeds
in two steps as shown in Fig.6.1: the exchanged virtual photon scatters from a quark with
momentum k. This quark belongs to a nucleon with momentum p which is removed from
the target nucleus. Treating the nucleus as a non-relativistic bound state, the nuclear
structure functions factorize into two terms [190]: the information about the quark and
gluon substructure of the nucleons is included in the bound nucleon structure functions
FN1 (x/y, p
2) and FN2 (x/y, p
2). They depend on the fraction x/y = k ·q/p ·q ≈ k+/p+ of the
light-cone momentum 6 of the interacting nucleon carried by the quark, and reduce to the
corresponding free nucleon structure functions at p2 =M2. Details about nuclear structure
are incorporated in the distribution function of nucleons with squared four-momentum p2
and a fraction y of the nuclear light-cone momentum:
DN/A(y, p
2)=
∫
d4p′
(2π)4
S(p′)
(
1 +
p′3
M
)
δ
(
y − p
′+
M
)
δ(p2 − p′2). (6.4)
Here
S(p) = 2π∑
n
δ(p0 −M − εn + TR) |Ψn(p)|2 (6.5)
is the spectral function of a nucleon in the nucleus. It is determined by the momen-
tum space amplitude Ψn(p) = 〈(A− 1)n,−p|Ψˆ(0)|A〉, with Ψˆ(0) representing the non-
relativistic nucleon field operator at the origin r = 0. The squared amplitude |Ψn(p)|2
describes the probability of finding a nucleon with momentum p in the nuclear ground
state |A〉, and the remaining A − 1 nucleons in a state n with total momentum −p. In
Eq.(6.5) the sum over a complete set of states with A− 1 nucleons is taken. Note that the
spectral function is normalized to A, the total number of nucleons in the nucleus. This
6Here the photon momentum is chosen as qµ = (q0,0⊥, q3) with q3 < 0.
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leads to the proper normalization of the nucleon distribution function in Eq.(6.4) (see e.g.
Refs.[2,214,215]).
The nuclear structure functions are then obtained by a convolution over the squared four-
momentum of the interacting nucleons and their light-cone momentum fraction. For the
structure function FA2 per nucleon this gives [190]:
AFA2 (x) =
A∫
x
dy
∫
dp2DN/A(y, p
2)FN2 (x/y, p
2), (6.6)
where we have suppressed the dependence on Q2 for convenience.
In the following we examine the convolution integral (6.6) in more detail. The momentum
distribution of nucleons in the nuclear target,
∫
dp0
2π
S(p) =∑
n
|Ψn(p)|2 , (6.7)
falls rapidly with increasing |p|. This implies that the nucleon light-cone distribution (6.4)
is strongly peaked around y ≈ 1 and p2 ≈M2, with a typical width ∆y ∼ pF/M controlled
by the Fermi momentum pF . Expanding the bound nucleon structure function in Eq.(6.6)
in a Taylor series around y = 1 and p2 =M2, and integrating term by term, leads to the
following expression for the nuclear structure function per nucleon [190,214], valid in the
range 0.2 < x < 0.7:
FA2 (x) ≈ FN2 (x)−
〈ε〉
M
xFN2
′
(x) +
〈T 〉
3M
x2FN2
′′
(x)
+2
〈ε〉 − 〈T 〉
M
(
p2
∂FN2 (x; p
2)
∂p2
)
p2=M2
, (6.8)
where FN2
′
(x) and FN2
′′
(x) are derivatives of the structure function with respect to x. The
mean value of the single particle energy ε = p0 −M is
〈ε〉= 1
A
∫ d4p
(2π)4
S(p) ε, (6.9)
and
〈T 〉= 1
A
∫
d4p
(2π)4
S(p) p
2
2M
(6.10)
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represents the mean kinetic energy of bound nucleons. Except for light nuclei the recoil
energy TR in Eq.(6.2) can be neglected. Then 〈ε〉 coincides with the separation energy.
Corrections to Eq.(6.8) are of higher order in 〈ε〉/M and 〈T 〉/M . Note that the approx-
imate result for FA2 in Eq.(6.8) is well justified in the region 0.2 < x < 0.7. Here the
kinematic condition x/y < 1 in Eq.(6.6) can be ignored in accordance with the underly-
ing expansion.
Let us briefly discuss the physical meaning of the different terms in Eq.(6.8) and their
implications. The second term on the right hand side of Eq.(6.8) involves the average
separation energy of nucleons from the target. As such it is determined by nuclear binding.
In the range 0.2 < x < 0.7 it leads to a depletion of the nuclear structure function
compared to the structure function of a free nucleon. The third term accounts for the
Fermi motion of bound nucleons and yields a strong rise of the structure function ratio
FA2 /F
N
2 at large x. Finally, the fourth term in (6.8) reflects the dependence of the structure
function of a bound nucleon on its squared four-momentum. Note that this contribution
enters at the same order as binding and Fermi-motion corrections. Information about the
p2-dependence of bound nucleon structure functions is rare. Nevertheless such effects may
lead to significant modifications of the EMC ratio FA2 /F
N
2 at moderate and large values of
x. This has been shown for example in the framework of a simple quark-diquark picture
for the nucleon [190].
An important and not yet completely solved problem with respect to the binding and
Fermi-motion corrections in Eq.(6.8) is a reliable calculation of 〈ε〉 and 〈T 〉. In a simple
nuclear shell model the separation energy is averaged over all occupied levels. One finds
typical values 〈ε〉 ≈ −(20 − 25) MeV and 〈T 〉 ≈ 18 − 20 MeV. Correlations between
nucleons change the simple mean field picture substantially and lead to high momentum
components with |p| > pF in the nuclear spectral function (6.5). This in turn causes an
increase of the average separation energy 〈ε〉 [216,217]. In order to see this let us examine
the Koltun sum rule [218]
〈ε〉+ 〈T 〉 = −2µB, (6.11)
where µB is the binding energy per nucleon. This sum rule is exact if only two-body
forces are present in the nuclear Hamiltonian. With fixed µB ≈ 8MeV, this sum rule
tells that an increase of 〈T 〉 due to high momentum components is accompanied by an
increase of |〈ε〉|. We refer in this context to a calculation [219] of the spectral function
of nuclear matter based on a variational method. This calculation shows that there is a
significant probability to find nucleons with high momentum and large separation energies.
An integration of the spectral function of Ref.[219] gives 〈T 〉 ≈ 38 MeV and 〈ε〉 ≈
−70 MeV [217]. In order to estimate these quantities for heavy nuclei one usually assumes
[216] that the high momentum components of the nucleon momentum distribution are
about the same as in nuclear matter. Together with Eq.(6.11) this leads to 〈ε〉 ≈ −50 MeV.
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Fig. 6.2. The ratio of nuclear and nucleon structure functions, FA2 /F
N
2 , for iron and gold
taken from Refs.[215,190]. (a) solid curve: calculation in Ref.[215], dotted curve: calculation
in Ref.[214]. (b) results from Ref.[190]: without p2-dependence of the bound nucleon structure
function (dashed), and including this p2-dependence as obtained from a simple quark-diquark
picture (full).
In Fig.6.2 we show typical results from Refs.[190,215] for iron and gold. We observe that a
qualitative understanding of the EMC effect can indeed be reached, but at x >∼ 0.5 a more
quantitative description is still lacking. One should note, of course, that the presentation
of nuclear effects in terms of the ratio FA2 /F
N
2 magnifies such effects in a misleading
manner because FN2 itself is small in this region (see also the discussion in Section 4.4).
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The impulse approximation picture of nuclear deep-inelastic scattering can also be main-
tained in a relativistically covariant way [212]. Here, however, a simple factorization of
nuclear structure functions into nuclear and nucleon parts as in Eq.(6.6) is not possible
any longer. A relativistic calculation of nuclear structure functions requires relativistic
nuclear wave functions as well as a more detailed knowledge about the structure of bound
nucleons. Nevertheless, relativistic effects seem to be small: in an explicit model calcula-
tion of the deuteron structure function F d2 relativistic corrections to the non-relativistic
convolution (6.6) are less than 2% for x < 0.9 [220]. In the region x > 1, where nuclear
structure functions are very small however, larger deviations are expected.
In this context a word of caution is in order. A description of nuclear structure functions
based on nucleons alone is necessarily incomplete since it violates the momentum sum
rule [1]. Non-nucleonic degrees of freedom are briefly discussed in Section 6.5.
6.3 Beyond the impulse approximation
The quality of the impulse approximation has frequently been questioned (see e.g.
Refs.[1,5,190,210,211,212] and references therein). Here we give a brief summary of possi-
ble shortcomings in terms of models for nuclear deep-inelastic scattering which go beyond
this approximation.
6.3.1 Quark exchange in nuclei
The impulse approximation includes only incoherent scattering processes from hadronic
constituents of the target nucleus. On the other hand, contributions involving several
bound nucleons could also be important, and their role needs to be examined.
One such possibility, namely quark exchange between different nucleons, has been investi-
gated in Refs.[210,221]. The nuclear quark wave function which is probed in deep-inelastic
scattering must be antisymmetric with respect to permutations of quarks. This however is
not realized in the impulse approximation (6.6). Antisymmetrization introduces additional
quark exchange terms between different nucleons in the target.
Under several simplifying assumptions a softening of the nuclear quark momentum dis-
tribution due to quark exchange has been found. For small nuclei the effect turned out
to be significant. For 4He approximately 30% of the observed depletion of the structure
function ratio FHe2 /F
N
2 at x ∼ 0.6 has been associated with quark exchange. Only minor
modifications have been found for heavier nuclei [221].
While the estimates based on a simple quark exchange model may not be reliable at
a quantitative level, they certainly point to the fact that the impulse approximation is
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incomplete as soon as correlations between quarks in several nucleons come into play.
6.3.2 Final state interactions in a mean field approach
One of the basic assumptions of the impulse approximation is that interactions of the
struck, highly excited nucleon with the residual nuclear system can be ignored. In general
there is no solid basis for this assumption since the debris of the struck nucleon includes
also low momentum fragments as seen from the target rest frame. A proper treatment
of their final state interaction requires however a description of the nucleus in terms of
quark and gluon degrees of freedom.
Investigations in this direction have been made starting out from a quark model for nuclear
matter, with nucleons modeled as non-overlapping MIT bags [211,222,223]. The nucleons
interact via the exchange of scalar and vector mesons which couple directly to quarks.
Within the mean field approximation for the meson fields it is possible to describe several
basic properties of nuclear matter, such as its compressibility and the binding energy per
nucleon at saturation density.
This model has been applied to deep-inelastic scattering from finite nuclei using a local
density approximation [211]. The debris of the struck nucleon is represented by a pair
of spectator quarks bound in a diquark bag. Its interaction with the remaining nuclear
system in the final state leads to a non-negligible effect on nuclear structure functions:
while the full calculation including final state interactions allows to reproduce the structure
function ratio FA2 /F
N
2 , the impulse approximation overestimates nuclear effects at x ∼ 0.6
by about a factor two. In the framework of this model such a difference is expected since
the binding of the nucleus is the result of the attractive scalar mean field experienced by
all three constituent quarks of the interacting nucleon. When ignoring the binding of the
spectator quark pair, as done in the impulse approximation, one assumes that the active
quark which takes part in the deep-inelastic scattering process behaves as if it carries the
binding of all three quarks, a feature which obviously needs to be corrected.
The mean field approach to nuclear quark distributions is based on several simplifying as-
sumptions, but it nevertheless points to the possible importance of final state interactions
and, in more general terms, to the relevance of quark degrees of freedom in nuclei.
6.4 Modifications of bound nucleon structure functions
The intrinsic properties of nucleons bound in nuclei can be modified as compared to free
nucleons. We summarize below two examples of models which deal with such possible
changes in bound nucleon structure functions.
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6.4.1 Rescaling
At intermediate values of the Bjorken variable, 0.2 < x < 0.7, the modification of nuclear
structure functions FA2 as compared to the free nucleon structure function F
N
2 can be
described by a shift in the momentum scale which enters the structure functions. We
briefly outline here the basic arguments [224,225,226,227,228]. Consider the moments 7
MAn (Q
2) =
A∫
0
dx xn−2FA2 (x,Q
2), with n even. (6.12)
Assume now that the moments of nuclear and nucleon structure functions are related by
a shift of their momentum scale:
MAn (µ
2
A) =M
N
n (µ
2
N). (6.13)
At an arbitrary momentum transfer Q2 the perturbative QCD evolution equations to
leading order (see Section 2.4) give:
MAn (Q
2) =MNn
(
ξA(Q
2)Q2
)
, (6.14)
with the rescaling parameter
ξA(Q
2) =
(
µ2N
µ2A
)αs(µ2A)
αs(Q2)
. (6.15)
Of course Eq.(6.14) can always be satisfied if one allows different ξA for different moments
n. However, when comparing with data it has turned out that the rescaling parameter
is independent of n to a good approximation. Consequently, the scale change for the
moments (6.14) can be translated directly into a scale change for the structure functions
themselves:
FA2 (x,Q
2) = FN2
(
x, ξA(Q
2)Q2
)
. (6.16)
Good agreement with experimental data can be achieved at intermediate x. For example,
the EMC structure function data on iron suggest ξFe ≈ 2 for Q2 = 20 GeV2 [226].
Rescaling gives a reasonable one-parameter description of nuclear structure functions FA2
at intermediate x, but it does not offer insights into the physical origin of the observed
7 For simplicity we use the non-singlet part only.
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change of scale. One possible suggestion to explain the scale change is a modification of
the effective confinement scale for quarks in the nucleus as compared to free nucleons
[224,225,226].
Scale changes are not simply related to possible “swelling” of nucleons inside nuclei which
is constrained by inclusive electron-nucleus scattering data in the quasielastic region. The
experimentally observed y-scaling indicates a rather small increase of the charge radius
for bound nucleons. For example, the study of [229,230] comes to the conclusion that any
increase of the nuclear radius in nuclei should be less than 6% of its free radius.
Related discussions and a comparison with nuclear DIS data can be found in Refs.[202,216,
231–234].
6.4.2 Color screening in bound nucleons
The scenario of Refs.[1,235,236] assumes that the dominant contribution to the struc-
ture function FN2 at large x ∼ 0.6 is given by small size (pointlike) parton configurations
in the nucleon. In a nuclear environment such configurations interact only weakly with
other nucleons due to the screening of their color charge. It is argued that the proba-
bility for pointlike configurations is reduced in bound nucleons. In fact, the probability
to find parton configurations of average size in the nucleon should actually be enhanced
in nuclei since they experience the attraction of the nuclear mean field. Then the varia-
tional principle with normalization condition on the wave function implies that small-size
configurations should indeed be suppressed.
An estimate of such deformations in the wave function of nucleons bound in heavy nuclei
gives for x ∼ 0.5 [235]:
FA2
FN2
∼ 1 + 4 〈U〉
E∗
∼ 0.7 – 0.8. (6.17)
Here 〈U〉 is the average potential energy per nucleon, 〈U〉 ∼ −40 MeV, and E∗ ∼ 0.5
GeV is the typical energy scale for excitations of the nucleon. Since 〈U〉 scales with the
nuclear density, the nuclear dependence of the structure function ratio (6.17) is roughly
consistent with data.
It should be mentioned that the proposed suppression of rather rare pointlike config-
urations in bound nucleons does not necessarily imply a substantial change of average
properties of a bound nucleon, such as its electromagnetic radius [1].
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6.5 Pion contributions to nuclear structure functions
In conventional nuclear physics meson exchange is responsible for the binding of nucleons
in the nucleus. Therefore deep-inelastic scattering from mesons present in the nuclear
wave function should give additional contributions to nuclear structure functions. Pions,
which are responsible for most of the intermediate- and long-range nucleon-nucleon force,
are supposed to play the prominent role (see e.g. [237,238,239,240,241]).
The framework is the Sullivan process [242]. Its contribution to the nucleon structure
function FN2 reads:
δpiFN2 (x) =
1∫
x
dy fpi/N(y)F
pi
2 (x/y), (6.18)
where
fpi/N(y) =
3g2piNN
16π2
tmin∫
−∞
dt
−t|FpiNN(t)|2
(t−m2pi)2
y (6.19)
specifies the distribution of pions with light-cone momentum fraction y in the nucleon,
while F pi2 is the pion structure function. Equation (6.18) describes deep-inelastic scattering
from a pion emitted from its nucleon source. The nucleon receives a momentum transfer
equal to the pion momentum kµ = (ω,k). The minimal squared momentum transfer
t = k2 required for pion emission is tmin = −M2y2/(1 − y). One finds that δpiFN2 gets
its dominant contributions from pions with momenta |k| ≃ 300 − 400 MeV. Pions with
smaller momenta are suppressed by the explicit factor y in Eq.(6.19), while pions with
large momenta are suppressed by the pion propagator and the πNN form factor FpiNN
[237].
The convolution ansatz in Eq.(6.18) suffers from similar problems as convolution for nu-
clear structure functions discussed in Section 6.2: the interacting pion is not on its mass
shell, i.e. k2 ≈ −k2 6= m2pi. Therefore the pion structure function depends also on k2. Fur-
thermore, final state interactions of the pion debris with the recoil nucleon are neglected.
The detailed treatment of pionic effects in nuclei includes the pion propagation in the
medium with ∆ resonance excitation, Pauli effects and short range spin-isospin corre-
lations. All these effects are incorporated in the pion-nuclear response function R(k, ω)
which determines the spectrum of pionic excitations in the nuclear medium. The resulting
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distribution function of pions in a nucleus is [237]
fpi/A(y) =
3g2piNN
16π2
y
∞∫
M2y2
d|k|2
|k|−My∫
0
dω
k2|FpiNN(k2)|2
(t−m2pi)2
R(|k|, ω), (6.20)
where t = ω2 − k2. Using the the Sullivan description (6.18) the contribution of excess
pions to the nuclear structure function FA2 can be calculated according to:
δpiFA2 (x) =
1∫
x
dy
(
fpi/A(y)− fpi/N(y)
)
F pi2 (x/y). (6.21)
In the original work in Ref.[237], using the empirical pion structure function, a significant
enhancement of the ratio FA2 /F
N
2 was found at x < 0.3. This observation was in agree-
ment with the early EMC data [74]. Later data on nuclear structure functions showed
only a minor enhancement around x ≃ 0.15 (see Section 3.3.1). In addition Drell-Yan
data from E772 [107] have demonstrated that the antiquark distribution in nuclei is not
significantly enhanced as compared to free nucleons, in disagreement with the first pion
model calculations. However, as already emphasized in Ref.[237], the pion contribution
to nuclear structure functions is very sensitive to the strength of repulsive short range
spin-isospin correlations in nuclei. Variations of this strength by 15% can easily lead to
30% changes in δpiFA2 . While it is not difficult to accommodate the very small observed
pionic enhancement within such uncertainties, it is still a challange to arrive at a con-
sistant overall picture of nuclear DIS which rigorously satisfies the requirements of the
momentum sum rule.
6.6 Further notes
Related studies of pion field effects as well as other nuclear medium corrections and their
implications on nuclear DIS have been performed in Refs.[243,244,245,246]. These studies
include calculations within the delta-hole model [245], the role of NN correlations and
the energy dependence of nuclear response functions [246], possible effects of “Brown-Rho
scaling” on nuclear structure functions [243], and implications of low-energy pion-nucleus
scattering data for nuclear deep-inelastic scattering and Drell-Yan production [244].
Some further investigations use a relativistic many-body approach to treat mesonic and
binding corrections to reproduce nuclear effects in the EMC and Drell-Yan measurements
[247,248]. From the point of view of nuclear many-body theory, the best nuclear wave
functions have been employed in Refs.[249,250], treating both short and long range corre-
lations in nuclear matter and helium at the most advanced level. Two-nucleon correlations
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turn out to be important in nuclear DIS. It should be mentioned, however, that the re-
sults of [247,249,250] have met with some debate concerning the proper choice of the “flux
factor”. Questions of rigorous baryon number conservation [1] have also been raised.
It has been suggested to investigate intrinsic properties of bound nucleons in semi-inclusive
deep-inelastic scattering from nuclei [235,251,252,253]. Measuring the scattered lepton
in coincidence with the residual nuclear system should provide detailed information on
changes in bound nucleon structure functions. Possible experiments are discussed at HER-
MES [254].
7 Deep-inelastic scattering from polarized nuclei
Understanding the spin structure of the proton and the neutron is a central issue in
QCD. Both the polarized neutron and proton structure functions, gn1 and g
p
1 , are needed
in the investigation of flavor singlet quark spin distributions (see e.g. Ref.[44]), and in the
experimental test of the fundamental Bjorken sum rule (2.60).
Since free neutron targets are not available one must resort to polarized nuclei, such as
the deuteron and 3He, where the neutron spin plays a well defined role in building up the
total polarization of the nuclear target. Polarized deep-inelastic scattering from deuterium
[33,38,39,43] and 3He [35,37,41] has been studied with high precision. In order to deduce
accurate information about the individual nucleon spin structure functions from these
data, it is essential to correct for genuine nuclear effects. In addition, the presence of
the tensor interaction between nucleons in nuclei creates specific spin effects which are of
interest in their own right.
7.1 Effective polarization
As discussed in Section 4, nuclear structure functions at Bjorken-x > 0.2 are dominated
by the incoherent scattering from bound nucleons. For polarized nuclei, the non-trivial
spin-orbit structure of the wave functions causes new effects. Bound nucleons can carry
orbital angular momentum, so their polarization vectors need not be aligned with the
total polarization of the target nucleus: depolarization effects occur.
In order to describe such nuclear depolarization phenomena it is useful to introduce effec-
tive polarizations for nucleons bound in the nucleus. Let |A ↑〉 represent a nuclear state
polarized in the z-direction. Then the effective polarization of protons or neutrons in that
nucleus is
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PAp = 〈A ↑|
∑
i=protons
σz(i) |A ↑〉 , (7.1)
PAn = 〈A ↑|
∑
i=neutrons
σz(i) |A ↑〉 . (7.2)
When the nuclear depolarization effects are described entirely in terms of these effective
polarizations of bound nucleons, the nucleon spin structure functions (say, gA1 and g
A
2 )
have the following simple additive form:
gA1,2(x,Q
2) = PAp gp1,2(x,Q2) + PAn gn1,2(x,Q2). (7.3)
Nuclear depolarization effects are important over the whole kinematic range of recent
measurements. Within the impulse approximation these effects exceed by far the influence
of nuclear binding and Fermi motion at 0.2 < x < 0.7 (see Section 7.4).
7.2 Depolarization in deuterium and 3He
In case of the deuteron the effective proton and neutron polarizations are simply deter-
mined by the D-state admixture in the deuteron wave function, induced by the tensor
interaction between proton and neutron in the spin triplet state. One finds:
Pdp = Pdn = 1−
3
2
PD (7.4)
where PD is the D-state probability. The numerical values of Pdp,n range between 0.91
and 0.94 using deuteron wave functions calculated with the Paris [152] or Bonn [195]
nucleon-nucleon potential, respectively.
Apart from the interest in neutron spin structure functions the deuteron with its triplet
spin structure is of interest all by itself. Its spin-1 property leads to additional structure
functions as given in Eq.(3.3). In particular, the new spin structure functions b1 and b2 are
accessible in deep-inelastic scattering from polarized deuterons and can be investigated
in forthcoming HERMES measurements [69].
Polarized 3He can be viewed, to a first approximation, as a polarized neutron target, with
the proton-neutron subsystem in a spin singlet configuration and the surplus neutron
carrying the spin of the three-body system. Corrections to this picture come from the
admixture of S′- and D-wave components to the 3He wave function. The consequence is
that the effective neutron polarization is reduced from unity, and the effective proton
polarization does not vanish:
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PHen =1−
2
3
PS′ − 4
3
PD = 0.86± 0.02, (7.5)
PHep =−
2
3
(PD − PS′) = −0.056± 0.008. (7.6)
These results are obtained from three-body calculations using realistic nucleon-nucleon
interactions [255], omitting however effects from meson exchange currents (see Section
7.3.4)
7.3 Nuclear coherence effects in polarized deep-inelastic scattering
Coherence phenomena such as shadowing at small Bjorken-x are dominated by the inter-
action of diffractively excited hadronic states with several nucleons over large longitudinal
distances in the target nucleus. The characteristic space-time properties of DIS are inde-
pendent of the target or beam polarization. Therefore, nuclear coherence effects are also
expected in polarized scattering. We explore such effects in the following for deuterium
and 3He.
7.3.1 Polarized single and double scattering in the deuteron
Consider the deuteron spin structure functions gd1 and b1 at small values of the Bjorken
variable, x < 0.1. Following the discussion in Section 3.2, these structure functions can
be expressed in terms of virtual photon-deuteron helicity amplitudes. At large Q2 in
the Bjorken limit which we keep throughout this section, only the helicity conserving
amplitudes enter. As usual, we choose a right-handed, transversely polarized (virtual)
photon (index “+”) for reference. We denote the helicity conserving γ∗d amplitudes by
Aγ∗d+H , where H = 0,+,− refers to the helicity state of the polarized deuteron, and we
choose the direction defined by the photon momentum q as quantization axis. The spin
structure functions of interest are then expressed as (3.7,3.9)
gd1 =
1
4πe2
Im
(
Aγ∗d+− −Aγ
∗d
++
)
, (7.7)
b1=
1
4πe2
Im
(
2Aγ∗d+0 −Aγ
∗d
++ −Aγ
∗d
+−
)
. (7.8)
Let us now decompose Aγ∗d+H into incoherent, single scattering terms and a coherent double
scattering contribution. We will use the non-relativistic deuteron wave function,
ψH(r)=
1√
4π
[
u(r)
r
+
v(r)
r
1√
8
Sˆ12(rˆ)
]
χH , (7.9)
99
where r = |r|, and χH denotes the S = 1 spin wave function of the deuteron. The tensor
operator Sˆ12(rˆ) = 3(σp · r)(σn · r)/r2 − σp · σn, and u(r), v(r) are the S- and D-state
radial wave functions normalized as
∫∞
0 dr [u
2(r) + v2(r)] = 1. The D-state probability is
PD =
∫∞
0 dr v
2(r). We have PD ≃ 5.8% for the Paris potential [152] and PD ≃ 4.3% for
the Bonn potential [195].
In the polarized deuteron, the proton or neutron can have their spins either parallel or
antiparallel with respect to the z-axis defined by q/|q|. Let the corresponding projection
operators be P p,n↑ and P
p,n
↓ , respectively. The amplitude for single scattering of the virtual
photon from a proton in the polarized deuteron is:
Aγ∗p+H =
∫
d3r ψ†H(r)
(
P p↑A
γ∗p
+↑ + P
p
↓A
γ∗p
+↓
)
ψH(r), (7.10)
with the helicity conserving γ∗-proton amplitudes Aγ∗p+↑ and Aγ
∗p
+↓ . The analogous ampli-
tudes for single scattering from the neutron are obtained by the replacement [p↔ n]. We
then have Aγ∗d+H = Aγ
∗p
+H+Aγ
∗n
+H at the single scattering level. Combining with Eqs.(2.30,7.7)
one finds
gd1 =
(
1− 3
2
PD
)
(gp1 + g
n
1) = 2Pd gN1 , (7.11)
where Pd is the effective nucleon polarization (7.4) in the deuteron and gN1 = (gp1 + gn1)/2.
Of course, b1 = 0 at the single scattering level since nucleons as spin 1/2 objects do not
have a structure function b1.
Next we concentrate on the coherent double scattering amplitude,
δAγ∗d+H = Aγ
∗d
+H −
(
Aγ∗p+H +Aγ
∗n
+H
)
(7.12)
which simultaneously involves both the proton and the neutron. At x < 0.1 this ampli-
tude is dominated, as in the unpolarized case, by diffractive production and rescattering
of intermediate hadronic states, but now with the polarized target nucleons excited by po-
larized virtual photons. We introduce the diffractive production amplitudes TXN+↑ (k) and
TXN+↓ (k) which describe the diffractive production process γ
∗N → XN for right handed
photons on polarized nucleons, with momentum transfer k. Following steps similar to
those described in Section 5.1.1, one finds [70,256]:
δAγ∗d+H =
i
2Mν
∑
X
∫
d2k⊥
(2π)2
∫
d2b eik⊥·b
0∫
−∞
dz eiz/λ
ψ†H(r)
(
P p↑ T
Xp
+↑ (k) + P
p
↓ T
Xp
+↓ (k)
) (
P n↑ T
Xn
+↑ (k) + P
n
↓ T
Xn
+↓ (k)
)
ψH(r), (7.13)
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with the longitudinal propagation length λ = 2ν (M2X+Q
2)−1 of the diffractively produced
intermediate system. We recall from Section 4.5 that a hadronic fluctuation of mass MX
contributes to coherent double scattering only if its propagation length λ exceeds the
deuteron diameter, 〈r2〉1/2d ≃ 4 fm.
In the following we approximate the dependence of the diffractive production amplitudes
on the momentum transfer t = k2 ≈ −k2⊥ by:
TXN(k) ≈ e−B k2⊥/2 TXN, (7.14)
with the forward amplitude TXN ≡ TXN(k = 0). Various data on diffractive leptoproduc-
tion at Q2 <∼ 3GeV2 suggest an average slope B ≃ (5 . . . 10)GeV−2 (for references see
e.g. [64,49]). We then define the integrated (longitudinal) form factor
FBH (λ−1) =
∫
d2k⊥
(2π)2
SH(k⊥, λ
−1) e−Bk
2
⊥, (7.15)
where
SH(k) =
∫
d3r |ψH(r)|2eik·r (7.16)
is the conventional helicity-dependent deuteron form factor. Next we introduce helicity
dependent diffractive production cross sections for transversely polarized virtual photons
by:
1
8M2ν2
∑
X
(
|TXp+↑ |2 + |TXn+↑ |2
)
= 16π
W 2∫
4m2pi
dM2X
d2σ
γ∗
⊥
N
↑
dM2Xdt
∣∣∣∣∣∣
t=0
, (7.17)
and a corresponding expression for d2σ
γ∗
⊥
N
↓ , with the center-of-mass energy W of the γ
∗N
system. The resulting coherent double scattering correction to the spin structure function
gd1 becomes [70]:
δgd1 (x,Q
2)=−2Q
2
e2x
W 2∫
4m2pi
dM2X
d2σγ∗⊥N↓
dM2Xdt
− d
2σ
γ∗
⊥
N
↑
dM2Xdt

t=0
FB+ (λ−1). (7.18)
Similarly one obtains for b1 from Eqs.(7.8,7.13) [70,194,256]:
b1 =
2Q2
e2x
W 2∫
4m2pi
dM2X
d2σγ
∗
T
N
dM2Xdt
∣∣∣∣∣
t=0
(
FB+ (λ−1) + FB− (λ−1)− 2FB0 (λ−1)
)
. (7.19)
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7.3.2 Shadowing in gd1
The difference of polarized diffractive virtual photoproduction cross sections which enters
in Eq.(7.18) has so far not yet been measured. Nevertheless it is possible to estimate
the shadowing correction δg1 to an accuracy which is sufficient for a reliable extraction
of the neutron structure function gn1 from current experimental data. With inclusion of
shadowing and the effective nucleon polarization in the deuteron one finds:
gn1 ≈
Pd − δgd1/(2gN1 )
(Pd)2 g
d
1 − gp1 . (7.20)
The measured spin structure functions have the property |gd1 | < |gp1 |, at least for x >
0.01 [34]. This implies that, at the present level of data accuracy, shadowing effects and
uncertainties in the deuteron D-state probability do not play a major role in the extraction
of gn1 .
To estimate the amount of shadowing in gd1 and its influence on the extraction of g
n
1 one can
study the double scattering contribution (7.18) in the framework of a simple model. In the
laboratory frame at small x < 0.1 the exchanged virtual photon first converts to a hadronic
state X which then interacts with the target (see Section 4.5), dominant contributions
coming from hadronic states with invariant mass M2X ∼ Q2. Consider therefore a single
effective hadronic state with a coherence length λ ∼ 1/(2Mx). Comparing shadowing for
unpolarized and polarized structure functions gives [70]: 8
δgd1
2gN1
≈ Rg1
δF d1
FN1
≈ Rg1
δF d2
FN2
, with Rg1 = 2
FB+ (2Mx)
FB(2Mx) . (7.21)
At small x and B = 7 GeV−2 one finds Rg1 = 2.2 for both the Paris and Bonn nucleon-
nucleon potentials [152,195]. Although shadowing for gd1 turns out to be approximately
twice as large as for the unpolarized structure function F d2 , it still leads to negligible effects
on the extraction of gn1 , at least at the present level of experimental accuracy. Using the
experimental data on shadowing for F d2 [91] one finds that the shadowing correction in
(7.20) amounts at x ∼ 0.01 to less than 5% of the experimental error on gn1 for the SMC
analysis [257].
7.3.3 The tensor structure function b1 at small x
The shadowing correction for the unpolarized structure function δF d1 and the deuteron
tensor structure function b1 are directly related. In order to see this, note again that
8Note that shadowing corrections in unpolarized structure functions, δF d1,2 = F
d
1,2 − (F p1,2 −
F n1,2)/2, are defined per nucleon, as F
d
1,2 themselves.
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x
Fig. 7.1. Double scattering contribution to the tensor structure function b1 from [70] . The
dotted and dashed curves correspond to the Bonn [195] and Paris potential [152], respectively.
the propagation lengths (4.19) of diffractively produced hadrons exceed the deuteron size
λ > 〈r2〉d ≈ 4 fm at small x. The deuteron form factors become approximately constant,
i.e. FBH (λ−1 < 1/4 fm) ≈ FBH (0), and a comparison with the double scattering correction
for the unpolarized structure function (5.15) gives [70]:
b1 = Rb1 δF1, with Rb1 = 2
FB0 (0)− FB+ (0)
FB(0) . (7.22)
With B = 7 GeV−2 we find from the Paris nucleon-nucleon potential [152] Rb1 = −0.66,
while the Bonn one-boson-exchange potential [195] leads to Rb1 = −0.58. Using data for
F d2 /F
N
2 [91] one can estimate b1 at small x and finds that it reaches about 2% of the
unpolarized structure function FN1 at x≪ 0.1 [70,258].
In Fig.7.1 we present b1 as obtained from Eq.(7.22). The result shown here corresponds
to the kinematics of E665 [91]. Estimates of b1 at large Q
2 ≫ 1GeV2 and small x ≪ 0.1
can be found in [194]. It should be mentioned that the magnitude of b1 at x < 0.1 exceeds
estimates from previous model calculations which are applicable at moderate and large
x, by several orders of magnitude (see e.g. [259,260]). Unfortunately, the effect of b1 in
the observable asymmetry, which is proportional to b1/F
d
1 , is only of the order of 10
−2, as
already mentioned.
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7.3.4 The 3He case
Although 3He would appear to be an ideal neutron target because of its large effective
neutron polarization (7.5), the extraction of neutron spin structure functions nevertheless
requires dealing with significant nuclear effects. We concentrate again on the structure
function g1 at small values of x. As for deuterium two types of corrections are relevant:
higher angular momentum components of the 3He wave function lead to effective proton
and neutron polarizations (7.5,7.6). Furthermore, the coherent interaction of the virtual
photon with several nucleons causes shadowing. Accounting for both effects the neutron
structure function can be deduced from gHe1 as follows:
gn1 ≈
PHen − δgHe1 /gn1
(PHen )2
gHe1 −
PHep
PHen
gp1 . (7.23)
Since |PHep | ≪ |PHen | the proton contribution in (7.23) is indeed suppressed.
Uncertainties in the effective nucleon polarizations which may influence the extraction of
gn1 , result also from non-nucleonic degrees of freedom, e.g. mesons and ∆-isobars, present
in 3He. In Ref.[261] this is demonstrated for the non-singlet nucleon and A = 3 structure
functions:
∆gA=11 (x,Q
2) = gp1 (x,Q
2)− gn1 (x,Q2), (7.24)
∆gA=31 (x,Q
2) = gH1 (x,Q
2)− gHe1 (x,Q2), (7.25)
where gH1 is the triton spin structure function. From the effective nucleon polarizations
(7.5,7.6) and isospin symmetry of the three-body nuclear wave function one obtains:
∆gA=31 =
(
1− 4
3
PS′ − 2
3
PD
)
∆gA=11 . (7.26)
Applying the Bjorken sum rule (2.60) to the A = 1 and A = 3 systems and taking their
ratio leads to:∫ 1
0 dx
[
gHe1 (x,Q
2)− gH1 (x,Q2)
]
∫ 1
0 dx [g
n
1 (x,Q
2)− gp1(x,Q2)]
=
GA(
3H)
GA(n)
. (7.27)
The axial vector coupling constants GA(
3H) and GA(n) are measured in the β-decay of
tritium and the neutron, respectively, with GA(n) ≡ gA = 1.26 [262]. If one considers
incoherent scattering from individual nucleons and accounts only for the effective nucleon
polarizations one finds from Eqs.(7.26,7.27):
GA(
3H)
gA
= 1− 4
3
PS′ − 2
3
PD = 0.922± 0.006. (7.28)
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This result is however at variance with the empirical ratio GA(
3H)/gA ≈ 0.963 ± 0.003
[263,262]. One concludes that simply using effective nucleon polarizations from realis-
tic three-nucleon calculations would lead to a violation of the Bjorken sum rule by ap-
proximately 4% [261,264]. On the other hand, it is known from nuclear β-decay and
Gamov-Teller transitions that axial coupling constants in nuclei are renormalized by me-
son exchange currents and ∆-isobars [265]. The possible influence of these non-nucleonic
degrees of freedom on the extraction of gn1 has to be carefully investigated [261].
At small values x < 0.1 of the Bjorken variable, coherent multiple scattering from several
nucleons in the target leads to the shadowing correction δg1. Assuming again, as in Section
7.3.2, that the photon-nucleus scattering at small x can be represented by the interaction
of one effective hadronic fluctuation with invariant mass M2X ∼ Q2, one finds [261]:
gHe1
gn1
≈
(
2
FHe2
FN2
− 1
)
, (7.29)
i.e. shadowing in gHe1 is about twice as large as for the unpolarized structure function
FHe2 . This is also true for shadowing in the non-singlet structure function ∆g
A=3
1 [261]. A
similar result has been found for the polarized deuterium case, see e.g. (7.21).
In Ref.[261] the shadowing correction (7.29) has been combined with the nuclear Bjorken
sum rule (7.27). In the nuclear case, shadowing reduces the small-x contribution to the
Bjorken integral. Consequently the non-singlet nuclear structure function must be en-
hanced, i.e. ∆gA=31 > ∆g
A=1
1 , somewhere in the region x
>∼ 0.1. This is suggested to
occur around x ∼ 0.1, where the projectile may still interact with two nucleons inside
the target. As a consequence a significant anti-shadowing is obtained in this kinematic
region. The dynamical origin for such an enhancement is supposed to be independent of
the flavor channel considered, so that this is also expected to occur for gHe1 .
To summarize this discussion we emphasize that a precise extraction of the neutron spin
structure function gn1 from
3He data at x <∼ 0.2 requires a careful analysis of nuclear
effects due to non-nucleonic (e.g. meson and ∆-isobar) degrees of freedom in the 3He
wave function and a detailed understanding of shadowing and anti-shadowing effects. The
use of deuterium as a target may have advantages since non-nucleonic admixtures are
supposed to be smaller due to weaker nuclear binding. Furthermore, especially at small
x the influence of shadowing on the extraction of gn1 is less pronounced for deuterium as
compared to 3He.
7.4 Polarized deep-inelastic scattering from nuclei at x > 0.2
At moderate and large values of x, the distances probed by DIS from nuclei are smaller
than 2 fm as outlined in Section 4. Incoherent interactions of the virtual photon with
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hadronic constituents of the nucleus dominate, and the usual starting point is a de-
scription based on the impulse approximation including nucleon degrees of freedom only
[213,255,266,267]. This approach is not without question, but not much progress has so
far been made beyond that level.
In the following we first discuss general features of the nuclear spin structure functions
gA1 and g
A
T = g
A
1 + g
A
2 in the framework of the impulse approximation. The nuclear target
is treated non-relativistically. This allows, as in the unpolarized case, to factorize nucleon
and nuclear degrees of freedom, introducing structure functions of nucleons as bound
quasi-particles. The nuclear structure functions are then given as two-dimensional convo-
lutions of the bound nucleon structure functions and the nucleon light-cone momentum
distributions [213]:
gA1 (x)=
A∑
i=1
∫
dp2
∫
x
dy
y
Di1(y, p
2) gi1
(
x
y
, p2
)
, (7.30)
gAT (x)=
A∑
i=1
∫
dp2
∫
x
dy
y
[
DiT (y, p
2) giT
(
x
y
, p2
)
+DiT2(y, p
2) gi2
(
x
y
, p2
)]
. (7.31)
Here we have suppressed the Q2-dependence for simplicity. The expressions in Eqs.(7.30,
7.31) resemble the result for the unpolarized nuclear structure function in Eq.(6.6): the
exchanged virtual photon scatters from quarks which carry a fraction x/y of the light-
cone momentum of their parent nucleons, which in turn have a fraction y = p+/M of the
nuclear light-cone momentum and a squared four-momentum p2.
The nucleon distribution functions in Eqs.(7.30,7.31) are given by:
D1(y, p
2)=
∫
d4p′
(2π)4
tr
[
S‖(p′)
(
Σ̂0 + Σ̂z
)]
δ
(
y − p
′+
M
)
δ
(
p2 − p′2
)
, (7.32)
DT (y, p
2)=
∫ d4p′
(2π)4
tr
[
S⊥(p′) Σ̂⊥
]
δ
(
y − p
′+
M
)
δ
(
p2 − p′2
)
, (7.33)
DT2(y, p
2)=
∫
d4p′
(2π)4
tr
[
S⊥(p′) T̂2
]
δ
(
y − p
′+
M
)
δ
(
p2 − p′2
)
, (7.34)
with the polarized nucleon spectral function:
Sσσ′(p) = 2π
∑
n
δ (p0 −M − εn + TR)ψn,σ(p)ψ∗n,σ′(p). (7.35)
Here the summation is performed over the complete set of states with A − 1 nucleons.
The functions ψn,σ(p) = 〈(A− 1)n,−p|ψσ(0)|A〉 are the probability amplitudes to find a
nucleon with polarization σ in the nuclear ground state and the remaining A−1 nucleons
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in a state n with total momentum −p. The separation energy εn and the recoil energy
of the residual nuclear system TR enter in Eq.(7.35) as for the unpolarized case (6.5).
For g1 the target nucleus is chosen to be polarized parallel to the photon momentum as
indicated in Eq.(7.32) by the subscript ‖. For the transverse structure function gT the
target polarization is taken perpendicular to the momentum transfer and denoted by ⊥.
The nucleon spin operators which multiply the spectral functions in Eqs.(7.32,7.33,7.34)
refer to the active nucleon. They read:
Σ̂0=
σ · p
M
, Σ̂j =
(
1− p
2
2M2
)
σj +
σ · p
2M2
pj,
T̂2=−p⊥ · S⊥
M
(
σ · p
M
+ σz
(
1− pz
M
))
, (7.36)
where j denotes spatial indices. Furthermore, p⊥ is the transverse component of the nu-
cleon three-momentum, p = (p⊥, pz), and S⊥ determines the transverse spin quantization
axis relative to the photon momentum which is taken along the z-direction.
From Eqs.(7.30,7.31) we observe that gA1 is expressed entirely in terms of the corresponding
nucleon structure function gN1 . This is different for g
A
T which receives contributions from
gNT as well as from g
N
2 .
If the bound nucleon structure functions in Eqs.(7.30,7.31) are replaced by free ones, one
ends up with the conventional one-dimensional convolution ansatz for nuclear structure
functions [213,255]. Relativistic contributions which lead beyond the convolution formula
(7.30,7.31) have been investigated in Refs.[268,269], and corrections have been estimated
within a quark-diquark model for the bound nucleon. Deviations from non-relativistic
convolution were generally found to be small, except at very large x > 0.9.
Given that the nuclear spectral functions, polarized as well as unpolarized, receive their
major contributions from small nucleon momenta, systematic expansions of gA1 and g
A
T
for x < 0.7 can be performed around y = 1 and the mass-shell point p2 = M2, keeping
terms of order ε/M and p2/M2. Results and applications to spin structure functions of the
deuteron and 3He are discussed in Refs.[213,255,267,270]. As a general rule, the structure
functions at x < 0.7 are well described using simply the effective nucleon polarizations
(7.4,7.5,7.6).
8 Further developments and perspectives
We close this review with a short summary of the key physics points together with an
outlook on several selected topics for which investigations are still actively under way. We
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comment on exclusive vector meson production from nuclei, questions of shadowing at
large Q2 and the issue of high parton densities in nuclear systems.
8.1 Coherence effects in DIS and in the exclusive electroproduction of vector mesons
Nuclear shadowing in inclusive deep-inelastic lepton scattering is a prime source of in-
formation on coherently propagating hadronic or quark-gluon fluctuations of the virtual
photon in a nuclear medium. By selecting different kinematic cuts in Q2 and energy trans-
fer ν, one can focus on different components of the photon’s Fock space wave function.
An even more stringent selection of such components can be achieved in exclusive photo-
and electroproduction processes, and in particular in high-energy diffractive vector meson
production. Data on vector meson production from nuclei have become available in recent
years at FNAL (E665) [271], CERN (NMC) [272,273], and DESY (HERMES) [274], and
further experiments are under discussion at TJNAF [275] and DESY (HERA, HERMES)
[254].
Depending on energy and momentum transfer, the mechanism of vector meson formation
can be quite different. In the range ν > 3 GeV and Q2 <∼ 1 GeV2 the production process
is well described using the vector meson dominance picture (see e.g. [25]): in the lab
frame the photon converts into a vector meson prior to scattering from the target. On the
other hand, at large Q2 ≫ 1 GeV2 perturbative QCD calculations show that the photon-
nucleon interaction produces an initially small-sized, color singlet quark-antiquark wave
packet [166,276]. At high photon energies the finally observed vector meson is then formed
at a much later stage.
The transition from small to large Q2 interpolates between non-perturbative hadron for-
mation and perturbative quark-antiquark-gluon dynamics, a question of central impor-
tance in QCD. Nuclear targets are particular helpful at this point because they serve
as analyzers for the coherent interaction of the produced qq¯-gluon system with several
nucleons [277]. The distance between two nucleons provides the “femtometer stick” which
can be used to measure the relevant coherence lengths (for reviews and references see
[278,279,280]).
The characteristic scales for this discussion have been encountered several times in previ-
ous sections. First, there is the typical longitudinal distance (propagation length)
λ ≈ 2ν
m2 +Q2
. (8.1)
It represents the distance over which a hadronic fluctuation of invariant massm propagates
in the lab frame when induced by a photon of energy ν and virtuality Q2. At large Q2 the
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Fig. 8.1. The rates of produced ρ0’s plotted against t′ = t−t0 for hydrogen, deuterium, 3He, and
14N. The solid lines show fits to the data, the dashed lines are inferred incoherent contributions
(for details see Ref.[274]).
initially produced wave packet is characterized by its transverse size b. For longitudinally
polarized photons,
b =
const
Q
. (8.2)
In perturbative QCD the minimal Fock space component has const ∼ 4–5 at Q2 >∼ 5GeV2
[166,281]. Thus for Q2 = 5GeV2 and const = 4, the transverse size of the initial wave
packet is b ∼ 0.4 fm, a small fraction of the diameter of a fully developed ρ meson.
Recent measurements at HERMES [274] have observed effects related to the coherence
length λ in ρ0 electroproduction on hydrogen, deuterium, 3He, and 14N. The range of
energy and momentum transfers covered by the experiment is 9GeV < ν < 20GeV and
0.4GeV2 < Q2 < 5GeV2. This implies coherence lengths in the range 0.6 fm <∼ λ <
8 fm covering scales from individual nucleons up to and beyond nuclear dimensions. (The
interesting upper section of the available Q2 interval, Q2 >∼ 4 GeV2, has been accessible
only for small energies with ν with λ <∼ 1 fm in these measurements.)
Given the four-momenta q and k of the incoming virtual photon and the produced ρ
meson, the t-channel momentum transfer to the nucleon is t = (q − k)2. In Fig.8.1 the
rate of produced ρ0’s is plotted against t′ = t− t0, the squared momentum transfer above
threshold (|t0| ≃ λ−2). At |t′| ≪ 0.1 GeV2 coherent production dominates, leaving the
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λ (fm)
Fig. 8.2. The nuclear transparency TA as a function of the propagation length λ for
14N. HER-
MES data [274] are indicated by full dots. The open symbols represent data from previous
experiments [284,271]. The dashed curve shows a Glauber calculation from Ref.[282]
nucleus as a whole in the ground state. Such coherent processes fall off rapidly with the
nuclear form factor, so that at |t′| >∼ 0.1 GeV2 mostly incoherent ρ production from
individual nucleons remains.
Consider now the incoherent production of vector mesons from nuclei. In the absence of
coherent rescattering processes the nuclear ρ production cross section σA would simply be
A times the production cross section σN on a free nucleon. Nuclear effects are conveniently
discussed in terms of the transparency ratio, TA = σA/(AσN). The measured ratio for
14N is plotted as a function of the longitudinal propagation length λ in Fig.8.2. The
deviation of TA from unity for λ <∼ 1 fm simply reflects the “trivial” final state rescattering
of the ρ meson after being produced on one of the nucleons. More interesting effects
are visible when λ exceeds the average nucleon-nucleon distance of about 2 fm. Now
the hadronic fluctuations of the photon can scatter coherently on several nucleons also
prior to the production of the final state vector meson, and the transparency ratio TA
systematically decreases until it exceeds the nuclear diameter. The dashed curve in Fig.8.2
shows a theoretical prediction calculated within the vector meson dominance model [282].
Its agreement with data suggests that the production process is dominated, given the
relatively low Q2 involved, by hadronic fluctuations which interact about as strongly as
the produced ρ meson. Further systematic investigations of such coherence length effects,
especially its detailed dependence on the momentum transfer t, are discussed at TJNAF
[275,283].
It is interesting to push these observations to more extreme regions of very large Q2 and
ν. Once the energy transfer exceeds several tens of GeV, a further scale enters. At large
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Q2 the qq¯ fluctuation of the photon starts out initially as a small-sized wave packet. The
time it takes for this wave packet to develop into the final vector meson is called the
formation time τf [278,279,280]. To be specific, let the observed vector meson again be a
ρ0. The small initial wave packet is generally not an eigenstate of the strong interaction
Hamiltonian. Now consider expanding the wave packet in hadronic eigenstates. Clearly,
for a wave packet with a size small compared to typical hadronic dimensions, several such
eigenstates are necessary to represent the wave function of the packet. Let one of those
hadronic eigenstates in the expansion be the ρ meson itself (mass mρ), let another one be
a neighboring state with larger mass (say,mρ′ = mρ+δm). The characteristic propagation
length of the ρ component of the qq¯-gluon wave packet is λ ≃ 2ν/(m2ρ +Q2), that of the
neighboring state is λ′ ≃ 2ν/(m2ρ + Q2 + 2mρ δm). The phase difference between both
states is determined by their wave numbers 1/λ and 1/λ′. The time it takes to filter out
all but the ρ meson component when passing through the nucleus is then
τf ∼ ν
mρ δm
. (8.3)
Thus when ν is sufficiently large so that τf reaches nuclear dimensions and Q
2 is large,
a small-sized qq¯ wave packet induced by the photon has a chance to travel over large
distances inside nuclei and interact weakly, its cross section being proportional to b2 ∼
1/Q2.
This phenomenon is commonly named color coherence or color (singlet) transparency
[277,278,279,280]. It has been addressed in exclusive vector meson production experiments
at FNAL (E665) [271] and CERN (NMC) [273]. The interpretation of data in terms of
color transparency is still under debate (see e.g. [285,286]). Possible future developments
with nuclei at HERA [254] could offer an enormous extension of the accessible kinematic
range.
8.2 Nuclear shadowing in DIS at large Q2
Experimental information on nuclear shadowing in inclusive DIS is available, up to now,
only from fixed target experiments, with the kinematic range restricted to Q2 <∼ 1
GeV2 at x ≪ 0.1. Although there are currently no data on nuclear shadowing at large
Q2 ≫ 1 GeV2, it is nevertheless instructive to investigate what one should expect in
comparison with the previous results at smaller Q2. Such a study is possible due to re-
cent data on diffractive production from the HERA collider and has been performed in
Refs.[147,287,288].
One finds that contributions from vector mesons are negligible at large momentum trans-
fers since diffractive vector meson production is strongly suppressed at Q2 > 10 GeV2.
Furthermore, the ZEUS data [52] on the ratio of diffractive to total photon-nucleon cross
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sections (Fig.2.8) suggest that diffractively produced states with large mass are relevant at
large Q2. Therefore at large Q2 shadowing probes the coherent interaction of quark-gluon
configurations with large invariant mass. This is complementary to fixed target experi-
ments at FNAL (E665) and CERN (NMC) where the coherent interaction of low mass
vector mesons played a dominant role (see Sections 5.1.4 and 5.4).
In Section 5.2 we have argued that to leading order in 1/Q2 shadowing is dominated by
the interaction of large-size hadronic fluctuations of the exchanged photon. This suggests
a weak energy dependence of nuclear shadowing. However, at very small x together with
very large Q2, the steadily growing number of partons in the photon-nucleon system makes
quark-gluon configurations of the photon interact like ordinary hadrons, even if they
have small transverse size proportional to 1/Q2 (see e.g. Eq.(5.34)). As a consequence
one expects a more rapid energy dependence of shadowing as compared to the case of
small Q2. On similar grounds the diffractive leptoproduction cross section at x≪ 0.1 and
Q2 ≫ 1 GeV2 should rise more strongly than suggested by Regge phenomenology. Possible
indications for this behavior have been found at HERA [50,52], signaling the onset of a
new kinematic regime with a complex interplay between soft (large size) and hard (small
size) partonic components of the interacting photon. A systematic investigation of strong
interaction dynamics in this kinematic region is a major challenge. Here electron-nucleus
collider experiments could give important new insights [254].
8.3 Physics of high parton densities
An elementary QCD treatment of radiative corrections in nucleon and nuclear structure
functions, or equivalently, in quark and gluon distributions is provided by the DGLAP
evolution equations (see Section 2.4). In leading logarithmic approximation one sums
over αs lnQ
2/Λ2 terms, each of which represents a quark radiating a gluon or a gluon
splitting into a qq¯ or gluon pair. A contribution (αs lnQ
2/Λ2)n is associated with the
radiation from n partons in a physical gauge. Due to radiation partons loose momentum.
Therefore DGLAP evolution leads to a rise of quark and gluon distribution functions at
small x: strongly increasing numbers of partons carry smaller and smaller fractions of the
total momentum. For example, consider gluons which dominate the dynamics of parton
distributions at small x. Suppose that we are given an initial gluon distribution, prior
to radiative QCD corrections, at a momentum scale Q20. This initial distribution can be
non-singular (finite) at x → 0. Now turn on QCD radiation and DGLAP evolution. The
resulting asymptotic behavior of the gluon distribution function at x≪ 1 and large Q2 is
(see e.g. [289]):
xg(x,Q2) ∼ exp
125
√√√√ln( ln(Q2/Λ2)
ln(Q20/Λ
2)
)
ln(1/x)
 . (8.4)
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One observes a strong rise of xg(x,Q2) at x ≪ 1. This increase of the gluon density
with decreasing x can however not continue indefinitely. At very small x the density of
gluons becomes so large that they interact with each other reducing their density through
annihilation. Thus one enters a new regime of very high parton densities where standard
methods of perturbation theory are inappropriate despite small values for the coupling
αs, and resummation techniques to infinite order have to be applied (for references see
e.g. [134,135,136,137,138,139]).
For further illustration let us view the scattering process in a frame where the target
momentum is very large, P = |P | → ∞. A measurement at specific values of Q2 and
x probes partons over a longitudinal distance ∆z ∼ 1/(Px) and with a transverse size
∆b ∼ 1/√Q2. Thus at small values of x and moderate Q2 parton wave functions overlap,
leading to high parton densities, so that the rate of parton-parton annihilation processes
increases. This rate involves the probability of finding at least two partons per unit area
in the nucleon [289,290]. In this respect parton recombination can be regarded as a “non-
linear” correction to radiation processes described by standard DGLAP evolution, where
parton distribution functions enter linearly (see e.g. Eq.(2.39)).
The existing HERA data on free nucleon structure functions at Q2 >∼ 1 GeV2 and x >∼
10−4 do not show a clear sign for the need of additional parton fusion corrections in the
evolution equations (see e.g. [9]). However, phenomena related to high parton densities
at small x should be magnified in nuclei since nuclear parton densities are enhanced. For
example, if shadowing is ignored and the nuclear gluon distribution is assumed to be the
sum of the gluon distributions of individual nucleons, gA(x,Q
2) = AgN(x,Q
2), then the
ratio of gluon densities in a nucleus and a nucleon per (transverse) area is [291]:
gA(x,Q
2)
πR2A
/
gN(x,Q
2)
πr2N
≈ A r
2
N
R2A
≈ 0.5A1/3, (8.5)
where rN ≈ 0.8 fm and RA ≈ r0A1/3 ≈ 1.1 fmA1/3 have been used for nucleon and nuclear
radii, respectively. Effects beyond DGLAP evolution should therefore be amplified in
nuclei and set in already at a larger value of x as compared to free nucleons.
In Ref.[290,292] corrections to DGLAP evolution for nuclear parton distributions have
been calculated in the leading logarithmic approximation taking into account corrections
due to parton-parton recombination. The nuclear gluon distribution is written in two
parts: x gA(x,Q
2) = xA gN(x,Q
2) + δ ( x gA(x,Q
2)). The first term is associated with
independent nucleons and evolves accordingly. The second term is the correction of interest
here and describes the interaction of gluons from different nucleons. Its evolution due to
gluon-gluon recombination reads [290,292]:
Q2
∂
∂Q2
δ (x gA(x,Q
2))
A
= −81
16
A1/3
Q2 r20
α2s(Q
2)
1∫
x
dx′
x′
[
x′gN(x
′, Q2)
]2
. (8.6)
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Clearly gluon-gluon recombination is enhanced in nuclei. One finds [293,294] that the x-
range where non-linear effects (8.6) become significant, differs for heavy nuclei and free
nucleons by more than two orders of magnitude, assuming xgN(x) ∼ x−0.2.
Investigations of unitarity constraints in hard two-body amplitudes [166] also suggest that
non-linear effects at high parton densities can be significant in nuclei at Q2 ∼ 10 GeV2
and x ∼ 10−4.
While the kinematic bounds for the applicability of “normal” DGLAP evolution are quite
well defined, the dynamical mechanisms responsible for slowing down the rapid increase
of parton distributions at large Q2 and very small x are not yet clear. One is entering a
new domain of QCD, dealing with partonic systems of high density, which presents new
challenges.
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